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Dear Sir: 

The Applicants appeal the rejection of Claims 1-5 in the above-captioned patent 
application. These claims were rejected in a final Office Action mailed July 6, 2005, and the 
rejection was maintained in an Advisory Action mailed October 4, 2005. Applicants mailed a 
Notice of Appeal on November 3, 2005 . 



I. REAL PARTY IN INTEREST 

Pursuant to 37 C.F.R. 41.37(c)(1), Appellants hereby notify the Board of Patent Appeals 
and Interferences that the real party in interest is the assignee of record for this application, 
Genentech, Inc., 1 DNA Way, South San Francisco, CA 94080. 

II. RELATED APPEALS AND INTERFERENCES 

A Notice of Appeal has been filed in the related Application Nos. 10/063,514, 
10/063,570, 10/063,591, 10/063,607, 10/063,530, and 10/063,640. A Notice of Appeal and an 
Appeal Brief have also been filed in the related Application Nos. 10/063,519; 10/063,524; 
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10/063,534; 10/063,540; 10/063,578; 10/063,584; 10/063,586; 10/063,587; 10/063,592; 
10/063,616; 10/063,617; 10/063,648; 10/063,652; 10/063,653; 10/063,659; 10/063,660; and 
10/063,661 . Appellants are unaware of any other related appeals or interferences. 

III. STATUS OF THE CLAIMS 

The above-captioned application was filed with Claims 1-6. Claim 6 was canceled in an 
Amendment and Response to Office Action mailed August 18, 2004. Claims 1-5 were finally 
rejected by the Examiner in a final Office Action mailed December 30, 2004. Appellants filed a 
Request for Continued Examination on April 29, 2005. Claims 1-5 were again finally rejected 
by the Examiner in a final Office Action mailed July 6, 2005. Appellants filed an Amendment 
and Response to Final Office Action amending Claim 1 on August 1, 2005. The Examiner 
mailed an Advisory Action dated October 4, 2005, indicating that the amendment to Claim 1 
would be entered for purposes of appeal. 

Accordingly, Claims 1-5 are the subject of this appeal. The claims attached hereto as 
Appendix A reflect the claims as amended by the Amendment and Response to Final Office 
Action filed August 1 , 2005. 

IV. STATUS OF AMENDMENTS 

Appellants mailed an Amendment and Response to Office Action on August 1 8, 2004. In 
a final Office Action mailed December 30, 2004, the Examiner indicated that the submission 
filed on August 20, 2004 had been entered. Appellants mailed an Amendment and Response to 
Final Office Action on March 14, 2005. The Examiner mailed an Advisory Action dated April 5, 
2005, indicating that the amendments and arguments were entered for purposes of Appeal. 
However, the Examiner did not check box 10 of the Advisory Action indicating that Appellants' 
evidence was also entered. Appellants filed a Request for Continued Examination on April 29, 
2005, requesting consideration of the Amendment and Response to Final Office Action mailed 
on March 14, 2005. In a final Office Action mailed July 6, 2005, the Examiner indicated that the 
submission filed on March 17, 2004 had been entered. Appellants filed an Amendment and 
Response to Final Office Action amending Claim 1 on August 1, 2005. The Examiner mailed an 
Advisory Action dated October 4, 2005, indicating that the amendment to Claim 1 would be 
entered for purposes of appeal. 
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V. SUMMARY OF THE CLAIMED SUBJECT MATTER 

The claimed subject matter relates to isolated antibodies which specifically bind to the 
polypeptide having SEQ ID NO:28. As amended, independent Claim 1 reads: 

1 . An isolated antibody that specifically binds to the polypeptide of SEQ ID NO:28. 

Various aspects of the claimed antibody are described in the specification at, for example, 
paragraphs [0024], [0225],[0238]-[0248], [0361]-[0405], and Figure 28. SEQ ID NO:28 is 
disclosed in the Sequence Listing appended to the application. 

VI. GROUNDS OF REJECTION TO BE REVIEWED ON APPEAL 

The Examiner has rejected Claims 1-5 under 35 U.S.C. §101, stating that the claimed 
invention is not supported by either a specific and substantial asserted utility or a well- 
established utility. 

The Examiner has also rejected Claims 1-5 under 35 U.S.C. §112, first paragraph. The 
Examiner asserts that since the claimed invention is not supported by either a specific or 
substantial asserted utility or a well-established utility, one skilled in the art clearly would not 
know how to use the claimed invention. 

Finally, the Examiner has rejected pending Claims 1, 2 and 5 under 35 U.S.C. § 102(b) as 
being anticipated by Edwards et al. (U.S. Patent No. 6,222,029), and claims 3-4 under 35 U.S.C. 
§ 103(a) as obvious over Edwards in light of Mack et al. (U.S. Patent No. 6,294,343). 

Claims 1-5 can be considered as a group for purposes of the utility, enablement, 
anticipation and obviousness rejections. 

VII. APPELLANTS' ARGUMENT 

A. Summary of Arguments 
1. Utility Rejection 

The first issue before the Board is whether Appellants have asserted at least one "specific, 

substantial, and credible utility for the claimed invention." See Examination Guidelines ("Utility 

Guidelines"), 66 Fed. Reg. 1092 (2001). The Examiner has rejected Appellants' assertion that 

the claimed antibodies to the polypeptide of SEQ ID NO:28 (the PRO 11 80 polypeptide) are 
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useful as diagnostic tools for cancer, particularly for kidney and rectal cancer, and that this 
asserted utility is specific, substantial, and credible. See Final Office Action at 3. 1 

Briefly stated, Appellants' asserted utility is based on the disclosure in Example 18 of the 
instant application that the mRNA encoding the PROl 180 polypeptide is more highly expressed 
in rectal tumor tissue and normal kidney tissue compared to normal rectal tissue and kidney 
tumor tissue, respectively. It is well-established that there is a reasonable correlation between 
changes in mRNA level for a particular gene and a corresponding change in the level of 
expression of the encoded polypeptide, such that increasing or decreasing the amount of mRNA 
for a particular gene leads to a corresponding increase or decrease in the amount of the encoded 
protein. Thus, one of skill in the art would be more likely than not to believe that, like the 
PROl 180 mRNA, the PROl 180 protein is also more highly expressed in rectal tumor tissue and 
normal kidney tissue compared to normal rectal tissue and kidney tumor tissue, respectively. 
This differential expression of PROl 180 polypeptide is useful for distinguishing rectal or kidney 
tumor tissue from its normal tissue counterpart. Therefore, the claimed antibodies to the 
PROl 180 polypeptide have a specific, substantial and credible utility as diagnostic tools for 
cancer, particularly rectal or kidney cancer, as is explained in more detail below. 

2. Enablement Rejection 

The second issue before the Board is whether Appellants have enabled the pending 
claims such that one of skill in the art would be able to make and use the claimed invention. The 
Examiner has rejected Claims 1-5 under 35 U.S.C. §112, first paragraph, arguing that because 
the claimed invention is not supported by either a specific or substantial asserted utility or a well- 
established utility, one skilled in the art clearly would not know how to use the claimed invention. 
See Final Office Action at 3. 

For the reasons discussed in detail below, the claimed invention is supported by a specific, 
substantial and credible utility. Because the lack of a supporting utility is the only basis for the 
Examiner's rejection under 35 U.S.C. § 112, first paragraph, the Board should reverse the 
rejection of Claims 1-5 as lacking enablement. 



1 Citation to "Final Office Action" refers to the Final Office Action mailed July 6, 
2005, unless indicated otherwise. 
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3. 35 U.S.C. SS 102(b) and 103(a) Rejections 

The final issue before the Board is whether the rejection of pending Claims 1, 2, and 5 
under 35 U.S.C. § 102(b) as being anticipated by Edwards et al (U.S. Patent No. 6,222,029), and 
the rejection of Claims 3 and 4 under 35 U.S.C. § 103(a) as unpatentable over Edwards et al 
(U.S. Patent No. 6,222,029) in view of Mack et al (U.S. Patent No. 6,294,343) is proper. The 
Examiner asserts that because the application was denied an earlier filing date based on a lack of 
utility and enablement, Edwards is available as prior art. 

For the reasons stated above and discussed in detail below, Appellants submit that the 
claimed antibodies have utility and are enabled, and therefore the application is entitled to a 
priority date of at least August 24, 2000. As the April 2001 issue date of the Edwards patent is 
not more than a year before the August 24, 2000 priority date of the present application it is not 
available as prior art under 35 U.S.C. §§ 102(b) or 103(a). The Board should therefore reverse 
the rejection of Claims 1-5 under 35 U.S.C. §§ 102(b) and 103(a). 

B. Utility Rejection - Detailed Arguments 

The first issue before the Board is whether Appellants have asserted at least one "specific, 
substantial, and credible utility" for the claimed subject matter. See Examination Guidelines, 66 
Fed. Reg. 1092 (2001). Appellants have asserted that the claimed antibodies to the polypeptide 
of SEQ ID NO:28 (the PRO 1180 polypeptide) are useful as diagnostic tools for cancer, 
particularly for rectal and kidney cancer. This asserted utility is specific, substantial, and 
credible, as is explained in more detail below. 

1. Utility - Legal Standard 

A "specific utility" is defined as utility which is "specific to the subject matter claimed," 
in contrast to "a general utility that would be applicable to the broad class of the invention." See 
M.P.EP. § 2107.01 I. For example, it is generally not enough to state that a nucleic acid is 
useful as a diagnostic tool without also identifying the condition that is to be diagnosed. 

The requirement of "substantial utility" defines a "real world" use, and derives from the 
Supreme Court's holding in Brenner v. Manson, 383 U.S. 519, 534 (1966) stating that "[t]he 
basic quid pro quo contemplated by the Constitution and the Congress for granting a patent 
monopoly is the benefit derived by the public from an invention with substantial utility." In 
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explaining the "substantial utility" standard, M.P.E.P. § 2107,01 cautions, however, that Office 
personnel must be careful not to interpret the phrase "immediate benefit to the public" or similar 
formulations used in certain court decisions to mean that products or services based on the 
claimed invention must be "currently available" to the public in order to satisfy the utility 
requirement. "Rather, any reasonable use that an applicant has identified for the invention that 
can be viewed as providing a public benefit should be accepted as sufficient, at least with regard 
to defining a 'substantial' utility." M.P.E.P. § 2107.01 (emphasis added). 

Indeed, the Guidelines for Examination of Applications for Compliance With the Utility 
Requirement, set forth in M.P.E.P. § 2107 11(B)(1) gives the following instruction to patent 
examiners: "If the applicant has asserted that the claimed invention is useful for any particular 
practical purpose . . . and the assertion would be considered credible by a person of ordinary skill 
in the art, do not impose a rejection based on lack of utility." 

Finally, in assessing the credibility of the asserted utility, the M.P.E.P. states that "to 
overcome the presumption of truth that an assertion of utility by the applicant enjoys" the PTO 
must establish that it is "more likely than not that one of ordinary skill in the art would doubt (i.e., 
'question') the truth of the statement of utility." M.P.E.P. § 2107.02 III A. 

2. Utility - Burden of Proof 

It is well established that a specification which contains a disclosure of utility which 
corresponds in scope to the subject matter sought to be patented "must be taken as sufficient to 
satisfy the utility requirement of § 101 for the entire claimed subject matter unless there is reason 
for one skilled in the art to question the objective truth of the statement of utility or its scope." In 
re Longer, 503 F.2d 1380, 1391, 183 U.S.P.Q. 288, 297 (C.C.P.A. 1974). Thus "the PTO has the 
initial burden of challenging a presumptively correct assertion of utility in the disclosure." In re 
Brana, 51 F.3d 1560, 1566, 34 U.S.P.Q.2d 1436 (Fed. Cir. 1995). Only after the PTO provides 
evidence showing that one of ordinary skill in the art would reasonably doubt the asserted utility 
does the burden shift to the applicant to provide rebuttal evidence sufficient to convince such a 
person of the invention's asserted utility. Id. 
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3. Utility - Standard of Proof 

Compliance with 35 U.S.C. § 101 is a question of fact. Raytheon v. Ropery 724 F.2d 951, 

956, 220 U.S.P.Q. 592, 596 (Fed. Cir. 1983). The evidentiary standard to be used throughout ex 

parte examination in setting forth a rejection is a preponderance of the evidence, or "more likely 

than not" standard. In re Oetiker, 977 F.2d 1443, 1445, 24 U.S.P.Q.2d 1443, 1444 (Fed. Cir. 

1992). This is stated explicitly in the M.P.E.P.: 

[T]he applicant does not have to provide evidence sufficient to establish that an 
asserted utility is true "beyond a reasonable doubt." Nor must the applicant 
provide evidence such that it establishes an asserted utility as a matter of 
statistical certainty. Instead, evidence will be sufficient if, considered as a whole, 
it leads a person of ordinary skill in the art to conclude that the asserted utility is 
more likely than not true . M.P.E.P. § 2107.02, part VII (emphasis in original, 
citations omitted). 

The Court of Appeals for the Federal Circuit has stated that the standard for satisfying the 

utility requirement is a low one: 

The threshold of utility is not high : An invention is "useful" under section 101 if 
it is capable of providing some identifiable benefit. See Brenner v. Manson, 383 
U.S. 519, 534, 86 S.Ct. 1033, 16 L.Ed.2d 69 (1966); Brooktree Corp. v. Advanced 
Micro Devices, Inc., 977 F.2d 1555, 1571 (Fed. Cir. 1992) ("To violate § 101 the 
claimed device must be totally incapable of achieving a useful result"); Fuller v. 
Berger, 120 F. 274, 275 (7th Cir. 1903) (test for utility is whether invention "is 
incapable of serving any beneficial end"). Juicy Whip, Inc. v. Orange Bang, Inc., 
185 F.3d 1364, 1366, 51 U.S.P.Q. 2d 1700 (Fed. Cir. 1999) (emphasis added). 

The low threshold for satisfying the utility requirement is reflected in the standard set by the 
Federal Circuit for invalidating a patent based on a lack of utility: "[T]he fact that an invention 
has only limited utility and is only operable in certain applications is not grounds for finding lack 
of utility. Some degree of utility is sufficient for patentability. Further, the defense of non- 
utility cannot be sustained without proof of total incapacity ." Envirotech Corp. v. Al George, 
Inc., 730 F.2d 753, 762, 221 U.S.P.Q. 473 (Fed. Cir. 1984) (emphasis added, citations omitted). 

Because the standard for satisfying the utility requirement is so low, requiring total 
incapacity for a finding of no utility, the M.P.E.P. cautions that: 

Rejections under 35 U.S.C. 101 have been rarely sustained by federal courts. 
Generally speaking, in these rare cases, the 35 U.S.C. 101 rejection was sustained 
[] because the applicant . . . asserted a utility that could only be true if it violated a 
scientific principle, such as the second law of thermodynamics, or a law of nature, 
or was wholly inconsistent with contemporary knowledge in the art. M.P.E.P. § 



-7- 



Appl. No. : 10/063,530 

Filed : May 2, 2002 



2107.02 III B., citing In re Gazave, 379 F.2d 973, 978, 154 U.S.P.Q. 92, 96 
(C.C.P.A. 1967) (underline emphasis in original, italic emphasis added). 

4. Appellants Asserted a Specific. Substantial and Credible Utility that is 
Sufficient to Satisfy the Utility Requirement ofS 101 

The claimed subject matter relates to antibodies which specifically bind to the 
polypeptide having SEQ ID NO:28. The polypeptide of SEQ ID NO:28 (referred to as 
"PROl 180 polypeptide") is encoded by the polynucleotide of SEQ ID NO:27 (also referred to as 
DNA56860-1510). Specification at [0053]-[0054]. Appellants have asserted that the claimed 
antibodies are useful as diagnostic tools for cancer, particularly rectal and kidney cancer. 

In "Example 18: Tumor Versus Normal Differential Tissue Expression Distribution" 
Appellants disclose that the mRNA encoding PROl 180 polypeptide is more highly expressed in 
rectal tumor tissue and normal kidney tissue compared to normal rectal tissue and kidney tumor 
tissue, respectively. Specification at [0529]-[0530] and accompanying tables. As explained 
in paragraph [0530], the differential expression of the PRO 11 80 mRNA was detected using the 
well-established technique of quantitative PCR amplification of cDNA libraries isolated from 
different human normal and tumor tissue samples. To ensure that equivalent amounts of nucleic 
acid were used in each reaction, the cDNA for (3-actin was used as a control. 

The specification teaches that identification of the differential expression of a PRO 
polypeptide-encoding mRNA in one or more tumor tissues as compared to one or more normal 
tissues of the same tissue type "renders the molecule useful diagnostically for the determination 
of the presence or absence of tumor in a subject suspected of possessing a tumor." Specification 
at U [0530]. Because it is well established that changes in mRNA levels lead to changes in the 
level of the encoded protein, one would expect the PRO 11 80 protein to be differentially 
expressed in rectal and kidney tumors. The specification states that PRO polypeptides "may also 
be used diagnostically for tissue typing, wherein the PRO polypeptides of the present invention 
may be differentially expressed in one tissue as compared to another, preferably in a diseased 
tissue as compared to a normal tissue of the same tissue type." Specification at H [0336]. 
Likewise, the specification discloses the use of antibodies to PRO polypeptides as diagnostic 
tools: 

[A]nti-PRO antibodies may be used in diagnostic assays for PRO [polypeptide], 
e.g., detecting its expression (and in some cases, differential expression) in 
specific cells, tissues, or serum. Various diagnostic assay techniques known in 
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the art may be used, such as competitive binding assays, direct or indirect 
sandwich assays and immunoprecipitation assays conducted in either 
heterogeneous or homogeneous phases. Specification at [0407]. 

Taken together, the specification clearly discloses the use of the claimed antibodies as 
diagnostic tools for cancer, particularly rectal and kidney cancer. This utility is substantial, as 
one of skill in the art will recognize that the diagnosis of cancer is a "real world" use; it is 
specific, as the diagnosis of rectal and kidney cancer is not a utility that applies to the broad class 
of antibodies; and it is credible, as it not a utility "that could only be true if it violated a scientific 
principle, ...or a law of nature, or [is] wholly inconsistent with contemporary knowledge in the 
art." M.P.E.P. § 2107.02 III B., citing In re Gazave, 379 F.2d 973, 978, 154 U.S.P.Q. 92, 96 
(C.C.P.A. 1967). 

Because Appellants' specification contains a disclosure of utility which corresponds in 
scope to the claimed subject matter, the asserted utility "must be taken as sufficient to satisfy the 
utility requirement of § 101 for the entire claimed subject matter unless there is reason for one 
skilled in the art to question the objective truth of the statement of utility or its scope." In re 
Longer, 503 F.2d 1380, 1391, 183 U.S.P.Q. 288, 297 (C.C.P.A. 1974). Therefore, the burden of 
establishing a prima facie case of lack of utility rests with the PTO. See, In re Brana, 51 F.3d 
1560, 1566, 34 U.S.P.Q.2d 1436 (Fed. Cir. 1995) ("the PTO has the initial burden of challenging 
a presumptively correct assertion of utility in the disclosure"). 

5. The Examiner's Arguments 

In the first Office Action, dated June 3, 2004, the Examiner rejected the pending claims, 
stating "Claims 1-6 are rejected under 35 U.S.C. 101 because the claimed invention is not 
supported by either a specific, substantial and credible asserted utility or a well established 
utility." First Office Action at 3. This rejection is maintained in the final Office Action mailed 
July 6, 2005. Final Office Action at 3. 

To establish a prima facie showing that the claimed subject matter lacks utility, the 
Examiner must "provide [] evidence showing that one of ordinary skill in the art would 
reasonably doubt the asserted utility." In re Brana, 51 F.3d 1560, 1566, 34 U.S.P.Q.2d 1436 
(Fed. Cir. 1995). The Examiner has issued a first Office Action, a first final Office Action, an 
Advisory Action, a second final Office Action after RCE, and a second Advisory Action, during 
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the prosecution of the instant application. None of these papers provide any evidence that one of 
ordinary skill in the art would reasonably doubt the asserted utility. 

During the course of prosecution, the Examiner has made a number of irrelevant 
arguments regarding an asserted lack of correlation between gene amplification and an increase 
in gene expression, as well as the role of aneuploidy in cancer, citing references by Sen and 
Pennica et al These arguments are irrelevant for the reasons discussed in Appellants' 
Amendment and Response mailed on March 14, 2004. See Amendment and Response to Final 
Office Action dated March 14, 2005 at 7-8, 10 and 13. As it appears that the Examiner no longer 
relies on these arguments and references, they will not be addressed. See Final Office Action at 3 
("The Office acknowledges that the microarray experiments disclosed in the specification 
(example 18) does measure the level of mRNA expressed in tumor and normal controls. Thus, 
the Office will not respond to Applicants arguments with respect to both Pennica et al. and Sen et 
al. references."); 2 Final Office Action at 13 ("the Office accepts that aneuploidy has no relevance 
to the differential expression of the mRNA of the instant invention."). The Examiner's 
remaining arguments are summarized below. 

The Examiner states that the specification discloses that the PRO 1180 polynucleotide is 
more highly expressed in rectal tumor tissue and normal kidney tissue compared to normal rectal 
tissue and kidney tumor tissue, respectively, and that Appellants have asserted the use of the 
molecule for diagnosis. However, the Examiner rejects this utility, stating that "[t]here is no 
further supporting evidence to indicate that the polypeptide encoded by the polynucleotide of the 
instant invention is also differentially expressed in the normal tissue compared to the tumor 
tissues and as such one of skill in the art would conclude that it is not supported by a substantial 
asserted utility or a well-established utility." Final Office Action at 4. The Examiner raises 
essentially two arguments to reject the asserted utility. 

First, the Examiner challenges the sufficiency of the data presented in Example 18. The 
Examiner argues that the evidence of differential expression of the PRO 1180 mRNA in rectal 
and kidney tumors is insufficient because it does not teach what the normal level of expression is, 
it does not indicate how high the expression level is compared to the disease tissue, it lacks 

2 For the record, Appellants note that the experiments reported in Example 1 8 of 
the specification are not microarray experiments, but rather semi-quantitative PCR analysis of 
cDNA libraries. 
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statistical correlation, there is no data to compare expression in the normal and disease samples, 
and that because the normal and tumor samples are not from the same person, there is no 
possibility of direct comparison between the normal and tumor samples. See First Office Action 
at 5-6. The Examiner also cites Hu et al (J. Proteome Res., (2003) 2(4):405-12) to support his 
assertion the literature cautions researchers from drawing conclusions based on small changes in 
transcript expression levels between normal and cancerous tissue. Final Office Action at 5, 7, 9, 
10, 13 and 14. 

Second, the Examiner argues that polypeptide levels cannot be accurately predicted from 
mRNA levels, citing Haynes et al (Electrophoresis, (1998) 19(1 1): 1862-71), Chen et al (Mol. 
and Cell. Proteomics, (2002) 1:304-313) and Gygi et al (Mol. and Cell. Bio., (1999) 19(3): 1720- 
1730) for support. Final Office Action at 5-6, 10 and 13. 

Based on these arguments, the Examiner concludes that "[fjurther research needs to be 
done to determine whether the increase of PRO 1180 cDNA in rectal tumor and normal kidney 
compared to normal rectum and kidney tumor tissue supports a role for the polypeptide in the 
cancerous tissue; such a role has not been suggested by the instant disclosure." Final Office 
Action at 5. The Examiner states that this further research requirement makes clear that the 
asserted utility is not substantial, and therefore the Appellants' invention is not complete. Id 

6. The Examiner has not established a Prima Facie case that Claims i-5 lack 
Utility 

The above arguments do not satisfy the Examiner's burden to "providef] evidence 
showing that one of ordinary skill in the art would reasonably doubt the asserted utility." In re 
Br ana, 51 F.3d 1560, 1566, 34 U.S.P.Q.2d 1436 (Fed. Cir. 1995). The Examiner has the burden 
of presenting "countervailing facts and reasoning sufficient to establish that a person of ordinary 
skill would not believe the applicant's assertion of utility." M.P.E.P. at §2107.02 III.A., citing in 
re Brana, 51 F.3d 1560, 1566, 34 U.S.P.Q.2d 1436 (Fed. Cir. 1995) ("Only after the PTO 
provides evidence showing that one of ordinary skill in the art would reasonably doubt the 
asserted utility does the burden shift to the applicant to provide rebuttal evidence") (emphasis 
added). The Examiner relies on the Hu et al, Haynes et al, Chen et al and Gygi et al 
references to support his arguments. However, for the reasons discussed below, they do not 
support the Examiner's position. Therefore, the Examiner's assertions are not supported by any 
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relevant facts, evidence, or reasoning, and there is simply no evidence in the record to support 
the Examiner's arguments that Appellants' asserted utility is not substantial, and the invention is 
incomplete. Absent some relevant evidence to support his assertions, the Examiner has failed to 
establish a prima facie showing that one of skill in the art would reasonably doubt the asserted 
utility, and the Board should accept Appellants' disclosed utility as sufficient. 

a. The data in Example 18 are sufficient to establish the asserted utility 
Appellants turn first to the Examiner's arguments challenging the reliability of the data 
reported in Example 18. The Examiner argues that Example 18 and the first declaration of Mr. 
Grimaldi are insufficient to overcome the utility rejection of the pending claims because the 
specification does not teach what the normal level of expression is, it does not indicate how high 
the expression level is compared to the disease tissue, it lacks statistical correlation, there is no 
data to compare expression in the normal and disease samples, and that because the normal and 
tumor samples are not from the same person, there is no possibility of direct comparison between 
the normal and tumor samples. See First Office Action at 5-6. The Examiner also argues that the 
literature cautions researchers from drawing conclusions based on small changes in transcript 
expression levels between normal and cancerous tissue, citing Hu et al. (J. Proteome Res., (2003) 
2(4):405-12). Final Office Action at 5, 7, 9, 10, 13 and 14. None of these unsupported 
arguments are sufficient to establish a prima facie case that one of skill in the art would 
reasonably doubt the asserted utility. 

As an initial matter, Appellants note that in the closely related application Serial No. 
10/063,684, directed to nucleic acids related to SEQ ID NO:27 which encodes the PRO 1180 
polypeptide, the Examiner has acknowledged that the nucleic acids have utility. See Office 
Action dated 6/14/2005 at 2. In that case, the exact same data from Example 18 was relied on for 
utility of the claimed nucleic acids as diagnostic tools for rectal and kidney tumors. In response 
to Appellants' arguments, the Examiner stated "Applicants assertion that the differentially 
expressed message can be used as diagnostic tool for rectal and kidney tumors is found to be 
persuasive ." Id. at 2-3 (emphasis added). Therefore, Appellants submit that the Examiner's 
rejection of the exact same data in the instant case are moot in light of this statement. 

Second, Appellants note that the only objection by the Examiner to the data in Example 
18 that is supported by any reasoning or evidence is the assertion based on the Hu et al reference 
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that the literature cautions researchers from drawing conclusions based on small changes in 
transcript expression levels between normal and cancerous tissue. The remainder of the 
objections are not supported by any evidence or reasoning as to why this makes the data in 
Example 18 insufficient, and therefore they cannot establish a prima facie case. See In re Br ana, 
51 F.3d 1560, 1566, 34 U.S.P.Q.2d 1436 (Fed. Cir. 1995) ("Only after the PTO provides 
evidence showing that one of ordinary skill in the art would reasonably doubt the asserted utility 
does the burden shift to the applicant to provide rebuttal evidence.") (emphasis added). Despite 
this deficiency and the fact that these arguments are moot in light of the Examiner's admission in 
the related case, Appellants address the Examiner's arguments below. 

The gene expression data in Example 18 of the specification show that the mRNA 
associated with protein PRO 1180 is more highly expressed in rectal tumor tissue and normal 
kidney tissue compared to normal rectal tissue and kidney tumor tissue, respectively. See 
Specification at ^ [0530] and accompanying tables. Gene expression was analyzed using 
standard quantitative PGR amplification reactions of cDNA libraries isolated from different 
human tumor and normal human tissue samples. Id It is well known in the art that the number 
of copies of a particular cDNA in the cDNA library is determined by the number of copies of the 
corresponding mRNA in the sample. Therefore, the cDNA libraries can be used to determine the 
level of expression of the corresponding mRNA in the tissue. 

Appellants have asserted that identification of the differential expression of the PRO 1 180 
polypeptide-encoding gene in tumor tissue compared to the corresponding normal tissue renders 
the molecule useful as a diagnostic tool for the determination of the presence or absence of tumor. 
Id In support of this asserted utility, Appellants submitted as Exhibit A to their Amendment and 
Response to Office Action mailed August 18, 2004, a first Declaration of J. Christopher 
Grimaldi, an expert in the field of cancer biology. This declaration explains the importance of 
the data in Example 18, and how differential gene and protein expression studies are used to 
differentiate between normal and tumor tissue. See First Grimaldi Declaration, 

In paragraphs 6 and 7, Mr. Grimaldi explains that the semi-quantitative analysis 
employed to generate the data of Example 18 is sufficient to determine if a gene is over- or 
under-expressed in tumor cells compared to corresponding normal tissue. He states that any 
visually detectable difference seen between two samples is indicative of at least a two-fold 
difference in cDNA between the tumor tissue and the counterpart normal tissue. He also states 
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that the results of the gene expression studies indicate that the genes of interest "can be used to 
differentiate tumor from normal." He explains that, contrary to the PTO's assertions, "[t]he 
precise levels of gene expression are irrelevant; what matters is that there is a relative difference 
in expression between normal tissue and tumor tissue." First Grimaldi Declaration at \ 7. 

This declaration makes clear that since it is the relative level of expression between 
normal tissue and suspected cancerous tissue that is important, how high the level of expression 
in normal tissue is, is irrelevant. As to the Examiner's questions about the reliability and 
reproducibility of the results, Appellants employed standard techniques which are well-known 
and accepted by those of skill in the art. The Grimaldi Declaration states that if a difference is 
detected using these techniques, "this indicates that the gene and its corresponding polypeptide 
and antibodies against the polypeptide are useful for diagnostic purposes..." Id. Thus, it is the 
uncontested opinion of an expert in the field that the results are reliable enough to indicate that 
the claimed antibodies are useful as diagnostic tools. As to the Examiner's concerns regarding 
the number and types of samples used, the Grimaldi Declaration states that the samples are 
pooled samples of normal and tumor tissue, and therefore are more reliable than individual 
samples. Id. at If 5. 

The Examiner has also rejected the data because he questions the statistical significance 
of the data. However, Appellants are not required to prove utility to a statistical certainty, only 
that it is more likely than not true. See Nelson v. Bowler, 626 F.2d 853, 856-57, 206 U.S.P.Q. 
881, 883-84 (C.C.P.A. 1980) (reversing the Board and rejecting an argument that evidence of 
utility was insufficient because it was not statistically significant). Therefore, whether the results 
are statistically significant or not is irrelevant to establishing the asserted utility. 

The Examiner has also cited Hu et al (J. Proteome Res., (2003) 2(4):405-12) for support 
for its assertion the literature cautions researchers from drawing conclusions based on small 
changes in transcript expression levels between normal and cancerous tissue. The PTO states 
that Hu teaches that not all genes with increased expression in cancer have a known or published 
role in cancer. 

In Hu, the researchers used an automated literature-mining tool to summarize and 
estimate the relative strengths of all human gene-disease relationships published on Medline. 
They then generated a microarray expression dataset comparing breast cancer and normal breast 
tissue. Using their data-mining tool, they looked for a correlation between the strength of the 
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literature association between the gene and breast cancer, and the magnitude of the difference in 
expression level. They report that for genes displaying a 5 -fold change or less in tumors 
compared to normal, there was no evidence of a correlation between altered gene expression and 
a known role in the disease. See Hu at 411. However, among genes with a 10-fold or more 
change in expression level, there was a strong correlation between expression level and a 
published role in the disease. Id at 412. Importantly, Hu reports that the observed correlation 
was only found among estrogen receptor-positive tumors, not ER-negative tumors. Id. 

The general findings of Hu are not surprising - one would expect that genes with the 
greatest change in expression in a disease would be the first targets of research, and therefore 
have the strongest known relationship to the disease as measured by the number of publications 
reporting a connection with the disease. The correlation reported in Hu only indicates that the 
greater the change in expression level, the more likely it is that there is a published or known role 
for the gene in the disease, as found by their automated literature-mining software. Thus, Hu's 
results merely reflect a bias in the literature toward studying the most prominent targets, and 
reflect nothing regarding the ability of a gene that is 2-fold or more differentially expressed in 
tumors to serve as a disease marker. 

Hu acknowledges the shortcomings of this method in explaining the disparity in Hu's 
findings for ER-negative versus ER-positive tumors: Hu attributes the "bias in the literature" 
toward the more prevalent ER-positive tumors as the explanation for the lack of any correlation 
between number of publications and gene expression levels in less-prevalent (and, therefore, less 
studied) ER-negative tumors. Id Because of this intrinsic bias, Hu's methodology is unlikely to 
ever note a correlation of a disease with less differentially-expressed genes and their 
corresponding proteins, regardless of whether or not an actual relationship between the disease 
and less differentially-expressed genes exists. Accordingly, Hu's methodology yields results that 
provide little or no information regarding biological significance of genes with less than 5-fold 
expression change in disease. Nowhere in Hu does it say that a lack of correlation in their study 
means that genes with a less than five-fold change in level of expression in cancer cannot serve 
as a molecular marker of cancer. 

Appellants submit that a lack of known role for the PRO 1180 gene in cancer does not 
prevent its use as a diagnostic tool for cancer. There is a difference between use of a gene for 
distinguishing between tumor and normal tissue on the one hand, and establishing a role for the 
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gene in cancer on the other. Genes with lower levels of change in expression may or may not be 
the most important genes in causing the disease, but the genes can still show a consistent and 
measurable change in expression. While such genes may or may not be good targets for further 
research, they can nonetheless be used as diagnostic tools. Thus, Hu does not refute the 
Appellants' assertion that the PRO 1 180 gene can be used as a cancer diagnostic tool because it is 
differentially expressed in certain tumors. 

Contrary to the Examiner's assertion that one must know what role a gene or polypeptide 
plays in cancer for it to have utility, the PTO's own written policies recognize that the utility of a 
nucleic acid does not depend on the function of the encoded gene product. The Utility 
Examination Guidelines published on January 5, 2001 state: "In addition, the utility of a claimed 
DNA does not necessarily depend on the function of the encoded gene product. A claimed DNA 
may have a specific and substantial utility because, e.g. it hybridizes near a disease-associated 
gene or it has a gene regulating activity." (Federal Register, Volume 66, page 1095, Comment 
14). Similarly, here the disclosed nucleic acids, as well as the encoded polypeptides and related 
antibodies, are useful for determining whether an individual has cancer regardless of whether or 
not they are the cause of the cancer. 

The position of the Examiner requiring a known role for PRO 1 180 in cancer for utility is 
also inconsistent with the analogous standard for therapeutic utility of a compound where "the 
mere identification of a pharmacological activity of a compound that is relevant to an asserted 
pharmacological use provides an 'immediate benefit to the public' and thus satisfies the utility 
requirement." M.P.E.P. §2701.01 (emphasis original). Here, the mere identification of altered 
expression in tumors is relevant to diagnosis of tumors, and, therefore, provides an immediate 
benefit to the public. 

The data in Example 18 and the first Grimaldi Declaration are therefore sufficient to 
establish the asserted utility, and the Examiner has not rebutted the presumption of utility that the 
Appellants' application is afforded. Mr. Grimaldi is an expert in the field who conducted or 
supervised the experiments at issue. His declaration is based on personal knowledge of the 
relevant facts at issue. Appellants' have reminded the Examiner that "Office personnel must 
accept an opinion from a qualified expert that is based upon relevant facts whose accuracy is not 
being questioned." M.P.E.P. § 2107 (emphasis added). In addition, declarations relating to 
issues of fact should not be summarily dismissed as "opinions" without an adequate explanation 

- 16- 



Appl. No. : 10/063,530 

Filed : May 2, 2002 

of how the declaration fails to rebut the Examiner's position. See in re Alton 76 F.3d 1 168 (Fed. 
Cir. 1996). 

The Examiner has offered no reason or relevant evidence to reject either the underlying 
data or Mr. Grimaldi's conclusions. Therefore, the Examiner should accept Mr. Grimaldi's 
opinion with regard to his statement that "any visually detectable difference seen between two 
samples is indicative of at least a two-fold difference in cDNA between the tumor tissue and the 
counterpart normal tissue" and that the genes of interest "can be used to differentiate tumor from 
normal." This is the same assertion that Appellants have made and the Examine r has accepted in 
the related application, Serial No. 10/063,684, directed to nucleic acids related to SEQ ID NO:27 
which encodes the PRO 1 180 polypeptide. See Office Action dated 6/14/2005 at 2. 

In conclusion, Appellants submit that the evidence reported in Example 18, supported by 
the first Grimaldi Declaration, establish that there is at least a two-fold difference in PRO1180 
mRNA between rectal and kidney tumor tissue, and normal rectal and kidney tissue, respectively. 
Therefore, it follows that the PRO 11 80 gene, polypeptide, and antibody can be used to 
distinguish rectal and kidney tumor tissue from their normal tissue counterparts. The Examiner 
has not offered any significant arguments or evidence to the contrary, and therefore has not 
established a prima facie case that one of skill in the art would reasonably doubt the asserted 
utility. 

b. The three references cited bv the Examiner do not ref ute Appellants' 
assertion that a change in mRNA levels leads to a corresponding change 
in the level of the encoded protein 
Appellants turn next to the Examiner's second argument that that "polypeptide levels 
cannot be accurately predicted from mRNA levels" and that "the correlation between mRNA 
expression and protein expression is poor at best." Final Office Action at 5-6, 10 and 13. For 
support, the Examiner cites three references, Haynes et al. (Electrophoresis, (1998) 19(11):1862- 
71),Gygi et al. (Mol. and Cell. Bio., (Mar. 1999) 1720-1730) and Chen et al. (Mol. and Cell. 
Proteomics, (2002) 1:304-313). Based on these references, the Examiner concludes that "it is 
clear that one skilled in the art would not assume that a more highly expression mRNA would 
directly correlate with increased polypeptide levels." Final Office Action at 4-5. For the reasons 
discussed below, none of these references are contrary to Appellants' assertion that generally 
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speaking, changes in mRNA levels lead to corresponding changes in the level of the encoded 
polypeptide. 

Haynes studied whether there is a correlation between the level of mRNA expression and 
the level of protein expression for 80 selected genes from yeast. The genes were selected 
because they constituted a relatively homogeneous group with respect to predicted half-life and 
expression level of the protein products. See Haynes at 1863. Haynes did not examine whether 
a change in transcript level for a particular gene led to a change in the level of expression of the 
corresponding protein. Instead, Haynes determined whether the steady-state transcript level 
correlated with the steady-state level of the corresponding protein based on an analysis of 80 
different genes. 

Haynes reported to have "found a general trend but no strong correlation between protein 
and transcript levels." The Examiner focuses on the portion of Haynes where the authors 
reported that for some of the studied genes with equivalent mRNA levels, there were differences 
in corresponding protein expression, including some that varied by more than 50-fold. Final 
Office Action dated 12/30/04 at 5. Similarly, Haynes reports that different proteins with similar 
expression levels were maintained by transcript levels that varied by as much as 40-fold. Thus, 
Haynes showed that for one type of yeast, similar steady-state mRNA levels for different genes 
did not universally result in equivalent steady-state protein levels for the different gene products, 
and similar steady-state protein levels for different gene products did not universally result from 
equivalent steady-state mRNA levels for the different genes. These results are expected, since 
there are many factors that determine translation efficiency for a given transcript, or the half-life 
of the encoded protein. Not surprisingly, based on these results, Haynes concluded that protein 
levels cannot always be accurately predicted from the level of the corresponding steady-state 
mRNA transcript when looking at the level of transcripts across different genes . 

Importantly, Haynes did not say that for a single gene, a change in the level of mRNA 
transcript is not positively correlated with a change in the level of protein expression. Appellants 
have asserted that increasing or decreasing the level of mRNA for the same gene leads to a 
increase or decrease for the corresponding protein. Haynes did not study this issue and says 
absolutely nothing about it. One cannot look at the steady : state level of mRNA across several 
different genes to investigate whether a change in the level of mRNA a particular gene leads to a 
change in the level of protein for that gene. Therefore, Haynes is not inconsistent with or 
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contradictory to the utility of the instant claims, and offers no support for the Examiner's 
rejection of Appellants' asserted utility. 

The Examiner also relies on Gygi et al, a study on which the Haynes references is based. 
Like Haynes, the Gygi reference looked at steady-state levels of mRNA across different genes, 
not changes in mRNA levels for a single gene. Therefore, for the same reasons that Haynes is 
not relevant to Appellants' asserted utility, Gygi likewise offers no support for the Examiner's 
rejection of Appellants' asserted utility. 

Appellants turn next to the Chen et al reference, where the authors examined the 
relationship between mRNA levels and protein levels in 76 lung adenocarcinomas and nine non- 
tumor lung samples. 

As an initial matter, it is important to note that a portion of Chen is not relevant to 
Appellants' assertion that changes in the level of mRNA lead to changes in the level of the 
encoded polypeptide. In one experiment similar to that of Haynes, Chen examined the global 
relationship between mRNA and the corresponding protein abundance by calculating the average 
mRNA and protein level of all the samples for each gene or protein, and then looked for a 
correlation across different genes. Based on these data, Chen reported that "no significant 
correlation between mRNA and protein expression was found (r = -0.025) if the average levels of 
mRNA or protein among all samples were applied across the 165 protein spots (98 genes)." 
Chen at Abstract. This measurement of a correlation across different genes is not relevant to 
Appellants' asserted utility for the same reasons discussed above with respect to the Haynes et al 
and Gygi et al references. 

Chen also looked at the level of mRNA of 98 individual genes and their corresponding 
proteins across the samples. Chen reports that 17% (28 of 165) of the protein spots, or 21.4% 
(21 of 98) of the genes, showed a statistically significant correlation between protein and mRNA 
expression. Chen at Abstract. It is these results that the Examiner relies on for support. 

However, read in its entirety, Chen provides scant evidence to counter Appellants' 
asserted utility because portions of Chen support Appellants' assertions, and the remaining 
portions provide little insight into the relationship between changes in mRNA levels and changes 
in the corresponding protein levels for mRNA that is differentially expressed in tumor cells 
relative to normal cells. 
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Appellants have asserted that changes in mRNA levels, particularly those which are two- 
fold or greater, will correspond with measurable changes in polypeptide expression. The data in 
Chen support Appellants' assertion. In Figures 2A-2C, Chen plots mRNA value vs. protein 
value for three genes. In these figures, a wide range of mRNA expression levels were observed 
(approximately seven- to eight-fold), and a correlation between mRNA and protein levels was 
observed for all three mRNA/protein pairs. This supports Appellants' assertion that there is a 
correlation between changes in mRNA levels which are two-fold or greater and changes in 
polypeptide expression. 

The Examiner relies on the fact that Chen also reports a lack of correlation for some 
mRNA/protein pairs to support his assertion that polypeptide levels cannot be accurately 
predicted from mRNA levels. However, as is explained below, the apparent lack of a correlation 
cannot be used as evidence that Appellants' assertion of a general correlation is wrong. 

To determine if there is a correlation between changes in mRNA and changes in protein 
levels, one would have to conduct experiments where a measurable change in mRNA for a 
particular gene is observed, and then examine if there was a corresponding change in the level of 
the corresponding protein. Stated differently, if there is no substantial change in mRNA levels 
for a particular gene, one cannot measure a correlation between changes in mRNA and changes 
in the encoded protein for that gene. Therefore, one must know if the individual genes studied 
by Chen were differentially expressed to know if the observed lack of correlation has any 
relevance to Appellants' assertions of a general correlation between changes in mRNA and 
protein. 

Importantly, unlike Appellants, Chen did not examine differences in mRNA between 
tumor and normal tissue where one would expect to find substantial changes in the level of 
mRNA for certain genes. Instead, Chen merely selected proteins whose identity could be 
determined regardless of any changes in expression level . Chen at 306, right column. Therefore, 
it is not known if there was any substantial difference in mRNA levels for the various studied 
genes across samples - in short, with the exception of the genes in Figures 2A-2C, it is not 
known if the genes examined were differentially expressed. 

Also of significance for Appellants' asserted utility is the fact that Chen did not attempt 
to examine any differential expression between the cancerous lung samples and the non- 
cancerous lung samples - Chen did not distinguish between cancer and normal samples in their 
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analysis. Since almost all samples tested by Chen were from the same type of tissue, one would 
expect most genes examined by Chen to have similar mRNA or protein levels across the samples. 
In the absence of substantial differential expression, no correlation would be observed. Because 
it is not known if there was a change in the level of the genes studied by Chen, i.e. whether they 
were differentially expressed, the lack of an observed correlation cannot be used to counter 
Appellants' assertion.. 

In sum, the only data reported by Chen which shows substantial changes in the 
expression of mRNA, Figures 2A-C, confirms Appellants' assertion that substantial changes in 
mRNA levels (e.g., 2-fold or greater) will correspond to substantial changes in polypeptide 
expression. Further, these data explain the lack of observed correlation between mRNA levels 
and protein levels for other genes reported by Chen - there is no indication the genes are 
differentially expressed. Thus, Chen's results do not refute Appellants' position. Instead, Chen 
supports Appellants' position that a significant correlation between changes in mRNA and 
protein levels exists for changes in mRNA levels that are 2-fold or greater. 

In further support of Appellants' position, Chen cites Celis et al (FEBS Lett., 480:2-16 
(2000)) stating that the authors "found a good correlation between transcript and protein levels 
among 40 well resolved, abundant proteins using a proteomic and microarray study of bladder 
cancer." Chen at 311, first column (emphasis added). As mentioned above, the lack of a 
correlation across genes is not relevant to Appellants' asserted utility, and therefore Chen's 
discussion of this issue and citation of Anderson and Seilhamer (Electrophoresis, 18:533-37 
(1997)) and Gygi et al (Mol. Cell. Bio., 19:1720-30 (1999)) offer no support for the Examiner's 
position. 

Given the fact that portions of Chen as well as the relevant references cited by Chen 
support . Appellants' position, and the remainder of Chen cannot be relied on as contrary to the 
Appellants' position, the Examiner has failed to establish a prima facie case that one of skill in 
the art would doubt Appellants' asserted utility based on any lack of correlation between changes 
in mRNA level and changes in the corresponding protein level. 
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c. Conclusion - Examiner has failed to establish a prima facie case that 
one of skill in the art would doubt Appellants 9 asserted utility 

The Examiner has relied on essentially two arguments in rejecting the pending claims for 
lack of utility. First, the Examiner has previously questioned the sufficiency, reliability and 
significance of the data reported in Example 18 as well as the supporting first Grimaldi 
declaration. The Examiner has argued that absent some known translocation or mutation of 
PRO 1180, or some role for PRO 1180 in cancer formation or development, the disclosure is 
insufficient. However, it is important to note that in a closely related case, the Examiner has 
since acknowledged that nucleic acids encoding PRO 11 80 have utility as diagnostic tools based 
on the exact same data. Second, the Examiner relies on Haynes et al , Gygi et al and Chen et al 
to support the assertion that polypeptide levels cannot be accurately predicted from mRNA levels. 
Appellants have responded to each of these arguments in turn. 

First, Appellants have shown that the data in Example 18 are sufficient to show that 
PRO 1 180 is useful as a cancer diagnostic tool. This assertion is supported by the first Grimaldi 
declaration. The Examiner has not provided any relevant reason or evidence for one of skill in 
the art to doubt the reliability or usefulness of Example 18, or the facts and conclusions in the 
first Grimaldi declaration, and has accepted the exact same data reported in Example 18 in a 
related application. 

Second, Appellants have shown that the Haynes and Gygi references are simply not 
relevant to the issue of whether a change in mRNA levels leads to a corresponding change in the 
level of the encoded protein. Appellants have also shown that portions of Chen et al, as well as 
the relevant references cited by Chen, actually support Appellants' assertion that changes in 
mRNA levels generally correlate with changes in the level of the encoded polypeptide. The 
remainder of Chen is not reliable enough to offer any support for the Examiner's position. 

Taken together, the Examiner's arguments are not sufficient to satisfy the Examiner's 
burden to "provide[] evidence showing that one of ordinary skill in the art would reasonably 
doubt the asserted utility." In re Br ana, 51 F.3d 1560, 1566, 34 U.S.P.Q.2d 1436 (Fed. Cir. 
1995). The Examiner's arguments are largely conclusory statements which are not supported by 
any substantial relevant evidence or reasoning which explains why one of ordinary skill in the art 
would reasonably doubt the asserted utility. Therefore, the Board should accept the Appellants' 
disclosure of utility. See Ex parte Rubin, 5 U.S.P.Q. 2d 1461 (Bd. Pat. App. & Interf. 1987) 
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("There is no factual support in this record for the examiner's questioning of the denaturation test 
reported in the specification. ... No reason to doubt 'the objective truth' of the asserted utility 
having been advanced by the examiner, we accept appellant's disclosure of utility corresponding 
in scope to the claimed subject matter."). 

7. Appellants have provided Sufficient Rebuttal Evidence of Utility 

"Only after the PTO provides evidence showing that one of ordinary skill in the art would 

reasonably doubt the asserted utility does the burden shift to the applicant to provide rebuttal 

evidence." In re Brana, 51 F.3d 1560, 1566, 34 U.S.P.Q.2d 1436 (Fed. Cir. 1995). The rebuttal 

evidence must be sufficient such that when it is considered as a whole, it is more likely than not 

that the asserted utility is true. See In re Oetiker, 977 F.2d 1443, 1445, 24 U.S.P.Q.2d 1443, 

1444 (Fed. Cir. 1992) (stating that the evidentiary standard to be used throughout ex parte 

examination in setting forth a rejection is a preponderance of the evidence, or "more likely than 

not" standard). The M.P.E.P. summarizes the standard of proof required: 

[T]he applicant does not have to provide evidence sufficient to establish that an 
asserted utility is true "beyond a reasonable doubt." Nor must the applicant 
provide evidence such that it establishes an asserted utility as a matter of 
statistical certainty. Instead, evidence will be sufficient if, considered as a whole, 
it leads a person of ordinary skill in the art to conclude that the asserted utility is 
more likely than not true . M.P.E.P. § 2107.02, part VII (emphasis in original, 
citations omitted). 

Appellants remind the Board that the Federal Circuit has stated that the standard for satisfying 
the utility requirement is a low one: "The threshold of utility is not high: An invention is 'useful' 
under section 101 if it is capable of providing some identifiable benefit." Juicy Whip, Inc. v. 
Orange Bang, Inc., 185 F.3d 1364, 1366, 51 U.S.P.Q. 2d 1700 (Fed. Cir. 1999). 

Even if the Examiner has satisfied his burden of presenting a prima facie case of lack of 
utility, Appellants have supplied more than enough rebuttal evidence, such that when considered 
as a whole, one of skill in the art would conclude that the asserted utility is more likely than not 
true. As discussed in detail below, Appellants have provided sufficient evidence that the gene 
encoding the PRO 11 80 polypeptide is differentially expressed in certain cancers and can 
therefore be used as a diagnostic tool. In addition, Appellants have shown that it is well 
established in the art that there is a reasonable correlation between changes in mRNA level and 
changes in the corresponding protein level such that one of skill in the art would believe that the 
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PRO 1 180 polypeptide is also differentially expressed in certain cancers. Therefore, considering 
the evidence as a whole, one of skill in the art would believe that it is more likely than not that 
the claimed antibodies are useful as diagnostic tools for cancer, particularly rectal and kidney 
cancer. 

a. Appellants have established that the gene encoding the PRO1180 
polypeptide is differentially expressed in certain cancers 

As discussed above, the Examiner has not provided any relevant evidence or reasoning to 
challenge the reliability and significance of the data in Example 18 which reports that the mRNA 
for PRO 11 80 is differentially expressed in rectal and kidney tumor tissue compared to their 
normal tissue counterparts. In contrast to this complete lack of relevant evidence on the part of 
the Examiner, Appellants have submitted the first Grimaldi Declaration. That declaration 
establishes that it is the opinion of an expert in the field who has personal knowledge of the facts 
surrounding Example 18 that there is at least a two-fold difference in mRNA for PRO 1180 
between the tumor tissue and the counterpart normal tissue, and that the PRO1180 genes, 
polypeptides and antibodies are useful for differentiating tumor tissue from normal tissue. The 
Examiner has not provided any evidence or reasoning to challenge the facts and conclusions of 
the first Grimaldi Declaration in support of Example 18. 

Given the disclosure of Example 18 and the supporting first Grimaldi Declaration on the 
one hand, and the complete lack of any relevant evidence on the other, it is clear that considering 
the evidence as a whole, one of skill in the art would conclude that it is more likely than not that 
the PRO 1 180 gene is differentially expressed in rectal and kidney tumor tissue compared to their 
normal tissue counterparts such that it is useful as a diagnostic tool to distinguish tumor tissue 
from normal tissue. In the closely related application Serial No. 10/063,684, directed to nucleic 
acids which encode the PRO 1180 polypeptide, the Examiner agreed with Appellants, stating: 
"Applicants assertion that the differentially expressed message can be used as diagnostic tool for 
rectal and kidney tumors is found to be persuasive ." See Office Action dated 6/14/2005 at 2-3 
(emphasis added).. 

As Appellants explain below, it is more likely than not that the PRO 1 180 polypeptide is 
also differentially expressed in rectal and kidney tumor tissue, and can therefore be used to 
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distinguish tumor tissue from normal tissue. This provides utility for the claimed antibodies to 
the PRO 1180 polypeptide. 

b. Appellants have established that generally there is a correlation between 
changes in mRNA expression levels and changes in the expression level 
of the encoded protein 

Appellants next turn to the second portion of their argument in support of their asserted 
utility - that it is well-established in the art that in most cases a change in the level of mRNA for 
a particular protein leads to a corresponding change in the level of the encoded protein. Given 
Appellants' evidence of differential expression of the mRNA for the PRO 11 80 polypeptide in 
rectal and kidney tumor tissue, it is more likely than not that the PRO 1180 polypeptide is 
likewise differentially expressed, and therefore the claimed antibodies are useful as diagnostic 
tools, particularly for rectal and kidney tumors. 

In support of the assertion that changes in mRNA are positively correlated to changes in 
protein levels, Appellants submitted a second Declaration by J. Christopher Grimaldi, an expert 
in the field of cancer biology (originally submitted as Exhibit B with the Appellants' 
Amendment and Response to Office Action mailed August 18, 2004). As stated in paragraph 5 
of the declaration, "Those who work in this field are well aware that in the vast majority of cases, 
when a gene is over-expressed... the gene product or polypeptide will also be over-expressed.... 
This same principal applies to gene under-expression." Second Grimaldi Declaration at f 5. 
Further, "increased mRNA expression is expected to result in increased polypeptide expression, 
and the detection of decreased mRNA expression is expected to result in decreased polypeptide 
expression." Id. 

Appellants also submitted the declaration of Paul Polakis, Ph.D. an expert in the field of 

cancer biology (attached as Exhibit C to Appellants' Amendment and Response to Office Action 

mailed August 18, 2004). As stated in paragraph 6 of his declaration: 

Based on my own experience accumulated in more than 20 years of research, 
including the data discussed in paragraphs 4 and 5 above [showing a positive 
correlation between mRNA levels and encoded protein levels in the vast majority 
of cases studied in relation to the present invention] and my knowledge of the 
relevant scientific literature, it is my considered scientific opinion that for human 
genes, an increased level of mRNA in a tumor cell relative to a normal cell 
typically correlates to a similar increase in abundance of the encoded protein in 
the tumor cell relative to the normal cell. In fact, it remains a central dogma in 
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molecular biology that increased mRNA levels are predictive of corresponding 
increased levels of the encoded protein . Polakis Declaration at % 6 (emphasis 
added). 

Dr. Polakis acknowledges that there are published cases where such a correlation does not exist, 
but states that it is his opinion, based on over 20 years of scientific research, that "such reports 
are exceptions to the commonly understood general rule that increased mRNA levels are 
predictive of corresponding increased levels of the encoded protein." Polakis Declaration at ^ 6. 

The statements, of Grimaldi and Polakis are supported by the teachings in Molecular 
Biology of the Cell, a leading textbook in the field (Bruce Alberts, et aL, Molecular Biology of 
the Cell (3 rd ed. 1994) (submitted with Appellants' Amendment and Response to Final Office 
Action dated March 14, 2005 as Exhibit 3, hereinafter "Cell 3 rd ") and (4 th ed. 2002) (submitted 
with Appellants' Response to Final Office Action dated March 14, 2005 as Exhibit 4, hereinafter 
"Cell 4 th ")). Figure 9-2 of Cell 3 rd shows the steps at which eukaryotic gene expression can be 
controlled. The first step depicted is transcriptional control. Cell 3 rd provides that "[fjor most 
genes transcriptional controls are paramount. This makes sense because, of all the possible 
control points illustrated in Figure 9-2, only transcriptional control ensures that no superfluous 
intermediates are synthesized." Cell 3 rd at 403 (emphasis added). In addition, the text states that 
"Although controls on the initiation of gene transcription are the predominant form of regulation 
for most genes , other controls can act later in the pathway from RNA to protein to modulate the 
amount of gene product that is made." Cell 3 rd at 453 (emphasis added). Thus, as established in 
Cell 3 rd , the predominant mechanism for regulating the amount of protein produced is by 
regulating transcription. 

In Cell 4 th , Figure 6-3 on page 302 illustrates the basic principle that there is a correlation 

between increased gene expression and increased protein expression. The accompanying text 

states that "a cell can change (or regulate) the expression of each of its genes according to the 

needs of the moment - most obviously by controlling the production of its mRNA." Cell 4 th at 

302 (emphasis added). Similarly, Figure 6-90 on page 364 of Cell 4 th illustrates the path from 

gene to protein. The accompanying text states that while potentially each step can be regulated 

by the cell, " the initiation of transcription is the most common point for a cell to regulate the 

expression of each of its genes ." Cell 4 th at 364 (emphasis added). This point is repeated on 

page 379, where the authors state that of all the possible points for regulating protein expression, 

" [f|or most genes transcriptional controls are paramount ." Cell 4 at 379 (emphasis added). 
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Further support for Appellants' position can be found in the textbook, Genes VI, 
(Benjamin Lewin, Genes VI (1997)) (submitted with Appellants' Amendment and Response to 
Final Office Action dated March 14, 2005 as Exhibit 5) which states "having acknowledged that 
control of gene expression can occur at multiple stages, and that production of RNA cannot 
inevitably be equated with production of protein, it is clear that the overwhelming majority of 
regulatory events occur at the initiation of transcription ," Genes VI at 847-848 (emphasis added). 

Additional support is also found in Zhigang et al 9 World Journal of Surgical Oncology 
2:13, 2004 (submitted with Appellants' Amendment and Response to Final Office Action dated 
March 14, 2005 as Exhibit 6). Zhigang studied the expression of prostate stem cell antigen 
(PSCA) protein and mRNA to validate it as a potential molecular target for diagnosis and 
treatment of human prostate cancer. The data showed "a high degree of correlation between 
PSCA protein and mRNA expression" Zhigang at 4. Of the samples tested, 81 out of 87 showed 
a high degree of correlation between mRNA expression and protein expression. The authors 
conclude that "it is demonstrated that PSCA protein and mRNA overexpressed in human prostate 
cancer, and that the increased protein level of PSCA was resulted from the upregulated 
transcription of its mRNA." Id at 6. Even though the correlation between mRNA expression 
and protein expression occurred in 93% of the samples tested, not 100%, the authors state that 
"PSCA may be a promising molecular marker for the clinical prognosis of human Pea and a 
valuable target for diagnosis and therapy of this tumor." Id. at 7. 

Further, Meric et aL 9 Molecular Cancer Therapeutics, vol. 1, 971-979 (2002), (submitted 

with Appellants' Amendment and Response to Final Office Action dated March 14, 2005 as 

Exhibit 7), states the following: 

The fundamental principle of molecular therapeutics in cancer is to exploit the 
differences in gene expression between cancer cells and normal cells... [M]ost 
efforts have concentrated on identifying differences in gene expression at the 
level of mRNA, which can be attributable to either DNA amplification or to 
differences in transcription. Meric et al at 971 (emphasis added). 

Exploiting differences in gene expression between cancer cells and normal cells would 
not be a "fundamental principle" of molecular cancer therapeutics if there were no significant 
correlation between gene expression and protein levels. Stated another way, changes in mRNA 
without corresponding changes in protein levels would have little or no effect on cellular biology, 
and those of skill in the art would have no reason to examine the differences in gene expression 
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at the mRNA level without such a correlation. However, as one of skill in the art recognizes, 
there is a strong correlation between changes in mRNA and changes in protein level. It is 
because of this strong correlation that it remains a "fundamental principle" of molecular 
therapeutics in cancer to look at changes in mRNA level. 

Together, the declarations of Grimaldi and Polakis, the accompanying references, and the 
excerpts and references discussed above all establish that the accepted understanding in the art is 
that there is a reasonable correlation between changes in gene expression and changes in the 
level of the encoded protein. In contrast to this substantial amount of evidence supporting 
Appellants' position, the Examiner has cited Haynes et al, Gygi et al and Chen et al However, 
as discussed above, Haynes and Gygi are not relevant to the issue of whether a change in mRNA 
levels leads to a change in the level of the corresponding protein since they examined only 
steady-state levels of mRNA across different genes. Likewise, portions of Chen and the relevant 
references cited by Chen actually support Appellants 9 position, and the remainder of Chen is 
inconclusive. It is clear that when considered as a whole, the preponderance of the evidence 
clearly weighs in favor of Appellants. 

Appellants have presented sufficient evidence to establish that the mRNA for PRO 1180 
is differentially expressed in rectal and kidney tumors compared to their normal tissue 
counterparts, and that it is more likely than not that this leads to differential expression of the 
PRO 1180 polypeptide. This makes the claimed antibodies to PRO 1180 polypeptide useful for 
diagnosing cancer, particularly rectal and kidney cancer. Given the overwhelming amount of 
evidence in support of Appellants' position, and the near absence of any relevant evidence in 
support of the Examiner's position, when considered as a whole the evidence leads a person of 
ordinary skill in the art to conclude that the asserted utility is more likely than not true. 

c. The asserted utility is specific 

Finally, Appellants address the PTO's assertion that the asserted utilities are not specific 
to the claimed antibodies related to PRO 1 180. 

Specific utility is defined as utility which is "specific to the subject matter claimed," in 
contrast to "a general utility that would be applicable to the broad class of the invention." 
M.P.E.P. § 2107.01 I. Appellants submit that the evidence of differential expression of the 
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PRO 11 80 gene and polypeptide in certain types of tumor cells, along with the declarations and 
references discussed above, provide a specific utility for the claimed antibodies. 

As discussed above, there are significant data which show that the gene for the PROl 1 80 
polypeptide is differentially expressed by at least two-fold in rectal and kidney tumor tissue 
compared to their normal tissue counterparts. These data are strong evidence that the PROl 180 
gene and polypeptide are associated with rectal and kidney tumors. Thus, contrary to the 
assertions of the Examiner, Appellants have provided evidence associating the PROl 180 gene 
and polypeptide with a specific disease. The asserted utility for antibodies to the PROl 180 
polypeptide as diagnostic tools for cancer, particularly rectal and kidney cancer, is a specific 
utility - it is not a general utility that would apply to the broad class of antibodies. 

8. The Examiner's Response to Appellants 9 Evidence is Insufficient to Rebut 
Appellants 9 Arguments 

The Examiner has stated that the Grimaldi and Polakis declarations are "insufficient to 
overcome the rejection of claims 1-5" based on 35 U.S.C. §§ 101 and 1 12. Final Office Action at 
7. 

a. The Examiner's response to the First Grimaldi Declaration 

The Examiner has rejected the first Grimaldi Declaration based on two arguments. The 
first argument is the declarant's opinions are not supported by fact or evidence: "there is no 
evidentiary art that would corroborate for example, that 'any visually detectable difference seen 
between two samples is indicative of at least a two-fold difference in cDNA between the tumor 
tissue and the counterpart normal tissue.'" Final Office Action dated 12/30/04 at 12 (quoting 
first Grimaldi Declaration). 

Appellants submit that the declaration of Mr. Grimaldi is based on personal knowledge of 
the relevant facts at issue. Mr. Grimaldi is an expert in the field and conducted or supervised the 
experiments at issue. Appellants have reminded the Examiner that "[o]ffice personnel must 
accept an opinion from a qualified expert that is based upon relevant facts whose accuracy is not 
being questioned." PTO Utility Examination Guidelines (2001) (emphasis added). In addition, 
declarations relating to issues of fact should not be summarily dismissed as "opinions" without 
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an adequate explanation of how the declaration fails to rebut the Examiner's position. In re 
Alton 76 F.3d 1 168 (Fed. Cir. 1996). 

In addition, Appellants provided as Exhibit 1 to their Amendment and Response to Final 
Office Action dated March 14, 2005, a copy of page 122 of the 2002-2003 New England Biolabs 
catalog. This exhibit shows DNA size markers of differing lengths run on an agarose gel. The 
column on the left provides the mass of each marker in nanograms and the column on the right 
provides the length of the marker. It is apparent that the band intensity of markers having mass 
differences of two-fold are readily distinguishable by eye (see, e.g., the difference in band 
intensities of the 0.1 kb fragment present at 61ng and the 0.5kb marker present at 124ng). 
Accordingly, Appellants maintain that the procedures used to detect differences in expression 
levels were sufficiently sensitive to detect two-fold or greater differences. 

The Examiner has not supplied any reasons or evidence to question the accuracy of the 
facts upon which Mr. Grimaldi based his opinions. Mr. Grimaldi has personal knowledge of the 
relevant facts, has based his opinion on those facts, and the Examiner has offered no reason or 
evidence to reject either the underlying facts or his opinion. Therefore, the Examiner and Board 
should accept Mr. Grimaldi' s opinion with regard to his statement that "any visually detectable 
difference seen between two samples is indicative of at least a two-fold difference in cDNA 
between the tumor tissue and the counterpart normal tissue" and that the nucleic acids of interest 
"can be used to differentiate tumor from normal." Together, these statements establish that there 
is at least a two-fold difference in expression, and that the results are reliable enough that they 
can be used to distinguish tumor from normal tissue. 

The Examiner's second argument in response to the first Grimaldi declaration is that 
further research is required for the invention, and that this requirement "is borne out by Grimaldi 
assertion that 'additional studies can then be conducted if further information is desired.'" Final 
Office Action at 9-10, quoting First Grimaldi Declaration. 

The Examiner's reliance on the quote from the first Grimaldi declaration is clearly 
misplaced when read in context: 

7. The results of the gene expression studies indicate that the genes of 
interest can be used to differentiate tumor from normal. The precise levels of 
gene expression are irrelevant; what matters is that there is a relative difference in 
expression between normal tissue and tumor tissue. . . .If a difference is detected, 
this indicates that the gene and its corresponding polypeptide and antibodies 
against the polypeptide are useful for diagnostic purposes, to screen samples 
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to differentiate between normal and tumor. Additional studies can then be 
conducted if further information is desired . First Grimaldi Declaration at ^ 7 
(emphasis added). 

It is obvious that Mr. Grimaldi was stating that it is his expert opinion that the information 
provided in Example 18 is sufficient to use the gene, protein and antibody as diagnostic tools, 
and that no further testing or information is required. However, if additional information is 
desired, such as the role of the gene or protein in cancer formation or growth, additional studies 
can be conducted. It is disingenuous of the Examiner to take this quote out of context to suggest 
that Mr. Grimaldi is stating that further research is required to use the claimed invention when 
the remainder of his declaration clearly states otherwise. 

Finally, as noted above, the Examiner has subsequently acknowledged the utility of 
nucleic acids which encode PRO1180 in a related case (Application No. 10/063,684) based on 
the exact same data and First Grimaldi Declaration, stating that "Applicants assertion that the 
differentially expressed message can be used as diagnostic tool for rectal and kidney tumors is 
found to be persuasive ." See Office Action dated 6/14/2005 at 2-3 (emphasis added). 

b. The Examiner's response to the Second Grimaldi Declaration 

In response to the second Grimaldi Declaration, the Examiner focuses on paragraph 4 of 
the declaration where it states that for chromosomal aberrations which result in aberrant 
expression of a mRNA and corresponding protein, "the gene product is a promising target for 
cancer therapy , for example, by the therapeutic antibody approach." Final Office Action at 8 
(emphasis added). The Examiner rejects this argument, stating that it was not persuasive because 
unlike the genes discussed in the references cited in the declaration, "[t]he PROl 180 gene, ... has 
not been associated with tumor formation or the development of cancer, nor has it been shown to 
be predictive of such. Similarly, ... no translocation of PROl 180 is known to occur. ... No 
mutation or translocation of PROl 180 has been associated with for example, stomach tumor." 
Final Office Action at 8. The Examiner concluded that "in the absence of any of the above 
information" the disclosure was insufficient to satisfy the requirements of § 101 . Id. at 8-9. 

The Examiner's arguments fail to establish that one of skill in the art would doubt 

Appellants' asserted utility. Once again, the Examiner has failed to establish how the "absence 

of any of the above information" is relevant to the asserted utility by supplying evidence or 

reasoning to support his assertion. See In re Brana, 51 F.3d 1560, 1566, 34 U.S.P.Q.2d 1436 
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(Fed. Cir. 1995) ("Only after the PTO provides evidence showing that one of ordinary skill in the 
art would reasonably doubt the asserted utility does the burden shift to the applicant to provide 
rebuttal evidence") (emphasis added). 

The lack of a known role for PRO 1 180 in tumor formation or the development of cancer 
does not prevent its use as a diagnostic tool for cancer. Likewise, the fact that there is no known 
translocation or mutation of PRO 1 180 is irrelevant to whether its differential expression can be 
used to assist in diagnosis of cancer - one does not need to know why PRO 1 180 is differentially 
expressed, or what the consequence of the differential expression is, in order to exploit the 
differential expression to distinguish tumor from normal tissue. 

The Revised Interim Utility Guidelines promulgated by the PTO recognize that proteins 
which are differentially expressed in cancer have utility. In the caveat to Example 12, the 
Guidelines state that the utility requirement is satisfied for a protein that is expressed on 
melanoma cells but not on normal skin, and that antibodies against the protein can be used to 
diagnose cancer. The specification in Example 12 teaches nothing about the role of the 
hypothetical protein in cancer formation or development. 

In addition, Appellants note that they did not even rely on the portion of the second 
Grimaldi declaration cited by the Examiner which discusses targets for cancer therapy . Instead, 
Appellants submitted the second Grimaldi declaration in support of the assertion that changes in 
mRNA are positively correlated to changes in protein levels. Appellants relied on paragraph 5 of 
the declaration which states: "Those who work in this field are well aware that in the vast 
majority of cases, when a gene is over-expressed... the gene product or polypeptide will also be 
over-expressed.... This same principal applies to gene under-expression." Amendment and 
Response to Final Office Action dated 3/14/05 at 17, quoting Second Grimaldi Declaration at ^ 5. 
As support for this statement, Mr. Grimaldi noted that "[techniques used to detect mRNA, such 
as Northern Blotting, Differential Display, in situ hybridization, quantitative PCR, Taqman, and 
more recently Microarray technology all rely on the dogma that a change in mRNA will 
represent a similar change in protein. If this dogma did not hold true then these techniques 
would have little value and not be so widely used." Second Grimaldi Declaration at % 5. 
Whether the differential expression of mRNA is due to mutations or translocations has no 
bearing on the portion of the Grimaldi reference relied on by Appellants. 
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c. The Examiner's response to the Polakis Declaration 

In response to the Polakis Declaration, the Examiner makes two arguments. First, the 
Examiner states that only Dr. Polakis' conclusions are provided in the declaration. Final Office 
Action dated 12/30/04 at 8. This is clearly not the case. 

Appellants rely on the following portion of the Polakis Declaration: 

Based on my own experience accumulated in more than 20 years of research, 
including the data discussed in paragraphs 4 and 5 above and my knowledge of 
the relevant scientific literature, it is my considered scientific opinion that for 
human genes, an increased level of mRNA in a tumor cell relative to a normal cell 
typically correlates to a similar increase in abundance of the encoded protein in 
the tumor cell relative to the normal cell . In fact, it remains a central dogma in 
molecular biology that increased mRNA levels are predictive of corresponding 
increased levels of the encoded proteia Polakis Declaration at f 6 (emphasis 
added). 

Paragraphs 4 and 5 of the Polakis Declaration disclose that in the course of his research 

which is closely related to the instant invention, Dr. Polakis has identified approximately 200 

gene transcripts that are differentially expressed in human tumors. He has generated antibodies 

to about 30 of the protein products. In paragraph 5, he states that: 

[T]here is a strong correlation between changes in the level of mRNA present in 
any particular cell type and the level of protein expressed from that mRNA in that 
cell type. In approximately 80% of our observations we have found that increases 
in the level of a particular mRNA correlates with changes in the level of protein 
expressed from that mRNA when human tumor cells are compared with their 
corresponding normal cells. Polakis Declaration at ^ 5. 

Clearly, paragraphs 4 and 5 provide significant evidentiary support for his conclusions in 
paragraph 6. As to his statement that it is a central dogma of molecular biology that increases in 
mRNA lead to increases in protein, this statement is also supported by the data in paragraphs 4 
and 5, as well as Dr. Polakis' expertise and more than 20 years of research in the field. 
Appellants remind the Board that "[o]ffice personnel must accept an opinion from a qualified 
expert that is based upon relevant facts whose accuracy is not being questioned." PTO Utility 
Examination Guidelines (2001) (emphasis added). In addition, declarations relating to issues of 
fact should not be summarily dismissed as "opinions" without an adequate explanation of how 
the declaration fails to rebut the Examiner's position. In re Alton 76 F.3d 1 168 (Fed. Cir. 1996). 
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The Examiner's second response to the statement in the Polakis declaration that there is a 
correlation between changes in the level of mRNA and changes in the level of the encoded 
protein is that: 

[I]t is important to note that the instant specification provides no information 
regarding protein levels. Only mRNA expression data was [sic] presented. 
Therefore the declaration is insufficient to overcome the rejection of claims 1-5 
based upon 35 U.S.C. § 101 and 112, first paragraph, since it is limited to a 
discussion of data regarding the correlation of mRNA levels and polypeptide 
levels. Final Office Actional 10. 

The Polakis Declaration presents the opinion of an expert in the relevant art, based on 
data, the scientific literature, and more than 20 years of research experience, that "an increased 
level of mRNA in a tumor cell relative to a normal cell typically correlates to a similar increase 
in abundance of the encoded protein in the tumor cell relative to the normal cell" and that "it 
remains a central dogma in molecular biology that increased mRNA levels are predictive of 
corresponding increased levels of the encoded proteia" Polakis Declaration at \ 6. Therefore, 
Dr. Polakis' statement regarding a correlation between mRNA levels and protein levels is very 
probative, and demonstrates that one of skill in the art would believe that based on the 
differential mRNA data, the PRO 1180 polypeptide is differentially expressed in rectal and 
kidney tumors. The Examiner's arguments are simply not responsive to Dr. Polakis' declaration 
as they provide no basis to reject his conclusions. 

d. The Examiner's response to Appellants 9 Supporting References 

Appellants have submitted several references which support their conclusion that one of 

skill in the art would believe that it is more likely than not that differential expression of the 

PRO 1 180 mRNA in rectal and kidney tumors will lead to differential expression of the PRO 1 180 

polypeptide. The Examiner acknowledges the submission and teachings of two Alberts 

references, as well as the Lewin, Zhigang, and Meric references. See Final Office Action at 1 1- 

12. However, the Examiner only responds to the Meric reference, essentially ignoring the 

remaining references. The Examiner states that Meric teaches that gene expression is 

complicated, and regulated at numerous levels, and that changes in mRNA sequences increase or 

decrease translation efficiency. Final Office Action at 12. 

These arguments are not responsive. Appellants have already acknowledged that gene 

expression is regulated at numerous levels. However, as the supporting references and 
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declarations Appellants have supplied make clear, regulation of mRNA levels is the predominant 
mechanism of control for the majority of genes. Meric supports this assertion because "[t]he 
fundamental principle of molecular therapeutics in cancer is to exploit the differences in gene 
expression between cancer cells and normal cells." Meric at 971 (emphasis added). The only 
reason mRNA is of any interest in studying the mechanism of cancer formation and growth is 
because mRNA encodes protein. If there were no general correlation between differences in 
mRNA and differences in protein, there would be no reason to study changes in mRNA. 

The Examiner also briefly address the reference by Hanna and Mornin (Pathology Assocs. 
Med. Labs. Tech. Update (Aug. 1999)) (submitted with Appellants' Amendment and Response 
to Office Action dated 8/18/04 as Exhibit H), stating that "Hanna et al. show that gene 
amplification does not reliably correlate with polypeptide over-expression, and thus the level of 
polypeptide expression must be tested empirically." Final Office Action at 12-13. 

In fact, Hanna and Mornin teach exactly the opposite. Hanna teaches that 
immunohistochemistry (IHC) can be used to measure the amount of expressed protein, while 
fluorescent in situ hybridization (FISH) can be used to measure the level of gene amplification. 
Hanna at 1, left col., last % Contrary to the Examiner's assertions, Hanna and Mornin state: "In 
general, FISH and IHC results correlate well ." Hanna at 1, right col., final % 

The authors do state that there are a subset of tumors where protein overexpression is 
seen without gene amplification, and gene amplification is seen without protein overexpression. 
While these results are not surprising - Appellants have acknowledged that other mechanisms of 
gene and protein regulation exist but are not the predominant mechanism of gene regulation - it 
is not clear that these exceptions are even contrary to Appellants' assertion that changes in 
mRNA levels lead to changes in protein levels. For example, an increase in transcription, Le. 
increased mRNA levels, can occur in the absence of gene amplification (an increase in the 
number of copies of the gene in the genome). Consistent with Appellants' assertions, the 
increased level of mRNA would lead to protein overexpression without gene amplification. 
Similarly, it is possible that a gene could be amplified but not have increased mRNA levels. In 
such cases, the absence of protein overexpression in the absence of increased mRNA levels 
would also not be contrary to Appellants' assertions. 

Regardless of whether or not these exceptions are in fact contrary Appellants' assertions, 
it remains true that they are exceptions, and that "[i]n general, FISH and IHC results correlate 
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well." Therefore, the Hanna and Mornin reference is not contrary to Appellants' assertion that 
changes in mRNA levels generally lead to changes in the level of the encoded polypeptide. 

e. The Examiner's concluding arguments are not persuasive 
In conclusion, Appellants have offered sufficient evidence to establish that it is more 
likely than not that one of skill in the art would believe that because the PRO 1180 mRNA is 
differentially expressed in rectal and kidney tumor tissue compared to their normal tissue 
counterparts, the PRO1180 polypeptide will also be differentially expressed. This differential 
expression of the PRO 1 180 polypeptide makes the claimed antibodies useful as diagnostic tools 
for cancer. The declarations and references cited by Appellants clearly support their asserted 
utility, and the Examiner has offered no relevant arguments or evidence to the contrary. In short, 
none of the Examiner's responses to Appellants' supporting evidence are sufficient to rebut 
Appellants' asserted utility. 

9. The Courts have held that the Utility Requirement was Satisfied in Similar 
Cases 

The seminal decision interpreting the utility requirement of 35 U.S.C. § 101 is Brenner v. 
Manson, 383 U.S. 519, 148 U.S.P.Q. 689 (1966). At issue in Brenner was a claim to "a 
chemical process which yields an already known product whose utility - other than as a possible 
object of scientific inquiry - ha[d] not yet been evidenced." Id at 529, 148 U.S.P.Q. at 693. The 
Patent Office rejected the claimed process for lack of utility because the product produced by the 
claimed process had no known use. See id, at 521-22, 148 U.S.P.Q. at 690. On appeal, the Court 
of Customs and Patent Appeals reversed, holding "where a claimed process produces a known 
product it is not necessary to show utility for the product." Id. at 522, 148 U.S.P.Q. at 691 . 

In reviewing the lower court's decision, the Court made its oft quoted statement that 
"[t]he basic quid pro quo contemplated by the Constitution and the Congress for granting a 
patent monopoly is the benefit derived by the public from an invention with substantial utility. 
Unless and until a process is refined and developed to this point - where specific benefit exists in 
currently available form - there is insufficient justification for permitting an Appellant to engross 
what may prove to be a broad field." Id at 534-35, 148 U.S.P.Q. at 695. 
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The first opinion of the C.C.P.A. applying Brenner was In re Kirk, 376 F.2d 936, 153 
U.S.P.Q. 48 (C.C.P.A. 1967). The invention claimed in Kirk was a set of steroid derivatives said 
to have valuable biological properties and to be of value "in the furtherance of steroidal research 
and in the application of steroidal materials to veterinary or medical practice." Id. at 938, 153 
U.S.P.Q. at 50. In affirming the claim rejection based on a lack of utility, the court held that the 
"nebulous expressions 'biological activity' or 'biological properties'" did not adequately convey 
how to use the claimed compounds. Id at 941, 153 U.S.P.Q. at 52. The court also rejected 
Appellants' supporting affidavit, stating, "the sum and substance of the affidavit appears to be 
that one of ordinary skill in the art would know 'how to use' the compounds to find out in the 
first instance whether the compounds are - or are not - in fact useful or possess useful properties, 
and to ascertain what those properties are." Id at 942, 153 U.S.P.Q. at 53. 

Since these early decisions, the courts have continued to clarify what is sufficient to 
satisfy the utility requirement. Three more recent decisions are of particular relevance to the 
instant application: Nelson v. Bowler, 626 F.2d 853, 206 U.S.P.Q. 881 (C.C.P.A. 1980), Cross v. 
Iizuka, 753 F.2d 1040, 224 U.S.P.Q. 739 (Fed. Cir. 1985), and Fujikawa v. Wattanasin, 93 F.3d 
1559, 39 U.S.P.Q. 2d 1895 (Fed. Cir. 1996). 

The earliest of these cases, Nelson v. Bowler, involved an interference between two 
applications related to derivatives of naturally occurring prostaglandins (PG). Nelson, 626 F.2d 
at 854-55. The issue was whether Nelson had shown at least one utility for the compounds at 
issue to establish an actual reduction to practice. Id, at 855. The Appellants relied on two tests 
to prove practical utility: an in vivo rat blood pressure (BP) test and an in vitro gerbil colon 
smooth muscle stimulation (GC-SMS) test. In the BP test, the blood pressure of anesthetized 
rats was recorded on a polygraph chart to determine whether an injected compound had any 
effect. Responses were categorized as either a depressor (lowering) effect or a pressor 
(elevating) effect. Id In the GC-SMS test a section of colon was excised from a freshly-killed 
gerbil for suspension in a physiological solution, and a lever arm was connected to the colon in 
such a way that any contraction was recorded as a polygraph trace. Id, The Board held that 
Nelson had not shown adequate proof of practical utility, characterizing the tests as "rough 
screens, uncorrected with actual utility." Id. at 856. 

On appeal the C.C.P.A. reversed, holding that the Board "erred in not recognizing that 
tests evidencing pharmacological activity may manifest a practical utility even though they may 
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not establish a specific therapeutic use." Id. The Court stated that "practical utility" was 

characterized as a use of the claimed discovery in a manner which provides some immediate 

benefit to the public, establishing the following rule: 

Knowledge of the pharmacological activity of any compound is obviously 
beneficial to the public. It is inherently faster and easier to combat illnesses and 
alleviate symptoms when the medical profession is armed with an arsenal of 
chemicals having known pharmacological activities. Since it is crucial to provide 
researchers with an incentive to disclose pharmacological activities in as many 
compounds as possible, we conclude that adequate proof of any such activity 
constitutes a showing of practical utility. Id. (emphasis added). 

The Court rejected Bowler's argument that the BP and GC-SMS tests are inconclusive 
showings of pharmacological activity since confirmation by statistically significant means did 
not occur until after the critical date. The Court stated that "a rigorous correlation is not 
necessary where the test for pharmacological activity is reasonably indicative of the desired 
response." Id. (emphasis added). The Court concluded that a " reasonable correlation " between 
the observed properties and the suggested use was sufficient to establish practical utility. Id. at 
857. 

The sufficiency of a "reasonable correlation" in establishing utility was affirmed by the 
Court of Appeals for the Federal Circuit in Cross v. Iizuka, 753 F.2d 1040, 224 U.S.P.Q. 739 
(Fed. Cir. 1985). In Cross, the subject of the interference before the Court was imidazole 
derivative compounds which inhibit the synthesis of thromboxane synthetase, an enzyme which 
leads to the formation of thromboxane A2. At the . time the applications were filed, 
thromboxane A2 was postulated to be involved in platelet aggregation, which was associated 
with several deleterious conditions. Id. at 1042. 

The question before the Board and reviewed by the Court was whether Iizuka was 
entitled to the benefit of his Japanese priority application. Id. The Japanese application 
disclosed that the imidazole derivatives showed strong inhibitory action for thromboxane 
synthetase from human or bovine platelet microsomes, an in vitro utility. Id. at 1043. Relying in 
part on Nelson, the Board held that tests evidencing pharmacological activity may manifest a 
practical utility even though they may not establish a specific therapeutic use, and concluded that 
the in vitro tests were sufficient to establish a practical utility. Id. 

On appeal, Cross argued that the basic in vitro tests conducted in cellular fractions did not 
establish a practical utility for the claimed compounds, and that more sophisticated in vitro or in 
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vivo tests were necessary to establish a practical utility. Id at 1050. The Court rejected this 
argument, noting that adequate proof of any pharmaceutical activity constitutes a showing of 
practical utility. Id The Court accepted the argument that initial testing of compounds is widely 
done in vitro: 

[I\n vitro results... are generally predictive of in vivo test results, i.e., there is a 
reasonable correlation therebetween. Were this not so, the testing procedures of 
the pharmaceutical industry would not be as they are. Iizuka has not urged, and 
rightly so, that there is an invariable exact correlation between in vitro test results 
and in vivo test results. Rather, Iizuka' s position is that successful in vitro testing 
for a particular pharmacological activity establishes a significant probability that 
in vivo testing for this particular pharmacological activity will be successful. Id. 
(emphasis added). 

The Court also noted that in previous decisions, its predecessor court had accepted 

evidence of in vivo utility as sufficient to establish practical utility. The Court reasoned that: 

This in vivo testing is but an intermediate link in a screening chain which may 
eventually lead to the use of the drug as a therapeutic agent in humans. We 
perceive no insurmountable difficulty, under appropriate circumstances, in finding 
that the first link in the screening chain, in vitro testing, may establish a practical 
utility for the compound in question. Successful in vitro testing will marshal 
resources and direct the expenditure of effort to further in vivo testing of the most 
potent compounds, thereby providing an immediate benefit to the public, 
analogous to the benefit provided by the showing of an in vivo utility . Id. at 1051, 
citing Nelson, 626 F.2d at 856 (emphasis added). 

Based on this reasoning, the Court affirmed the decision of the Board, stating that "based 
upon the relevant evidence as a whole, there is a reasonable correlation between the disclosed in 
vitro utility and an in vivo activity, and therefore a rigorous correlation is not necessary where 
the disclosure of pharmacological activity is reasonable based upon the probative evidence." Id. 
at 1050 (emphasis added). The Court therefore held that the disclosed in vitro utility was 
"sufficient to comply with the practical utility requirement of § 101." Id. at 1051. 

The holdings of Nelson and Cross were more recently affirmed in Fujikawa v. 

Wattanasin, 93 F.3d 1559, 39 U.S.P.Q.2d 1895 (Fed. Cir. 1996). In Fujikawa, the Court again 

affirmed the notion that initial screens of compounds provide a practical utility even though they 

may not provide a therapeutic use because '"[i]t is inherently faster and easier to combat 

illnesses and alleviate symptoms when the medical profession is armed with an arsenal of 

chemicals having known pharmacological activities.'" Id. at 1564, quoting Nelson, 626 F.2d at 

856. The Court noted that it may be difficult to predict whether novel compounds will exhibit 
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pharmacological activity, and consequently testing is often required to establish practical utility. 

Id. However the Court went on to state: 

But the test results need not absolutely prove that the compound is 
pharmacologically active. All that is required is that the tests be "reasonably 
indicative of the desired [pharmacological] response." In other words, there must 
be a sufficient correlation between the tests and an asserted pharmacological 
activity so as to convince those skilled in the art, to a reasonable probability , that 
the novel compound will exhibit the asserted pharmacological behavior." Id 
(internal citations omitted, underline emphasis added, italics in original). 

On appeal, Fujikawa argued that Wattanasin had failed to establish an adequate 
correlation between the in vitro and in vivo results to permit Wattanasin to rely on positive in 
vitro results to establish a practical utility. The Court stated that the Board relied on testimony 
from those skilled in the art that the in vitro results convinced the experts that the claimed 
compounds would exhibit the desired pharmacological activity when administered in vivo, 
including testimony that in vivo activity is typically highly correctable to a compound's in vitro 
activity in the field. Id at 1565. To overcome this evidence and counter the Board's decision, 
Fujikawa pointed to the testimony of its expert that "there is a reasonable element of doubt that 
some elements may be encountered which are active in the in vitro assay, but yet inactive in the 
in vivo assay." Id. 

The Court rejected this argument: "Of course, it is possible that some compounds active 
in vitro may not be active in vivo. But, as our predecessor court in Nelson explained, a 'rigorous 
correlation' need not be shown in order to establish practical utility; 'reasonable correlation' 
suffices ." Id (emphasis added). The Court also rejected Fujikawa's reliance on two articles. 
The Court noted that while one article taught that "in vitro testing is sometimes not a good 
indicator of how potent a compound will be in vivo, it does imply that compounds which are 
active in vitro will normally exhibit some in vivo activity." Id. at 1566. Similarly, the Court 
noted that the second article expressly stated that "[f]or most substances, although not for all, the 
relative potency determined in in vitro . . . parallels the in vivo activity." Id. 

The Court concluded that the facts in the case were analogous to the ones in Cross where 
the court relied on a known reasonable correlation between in vitro tests and in vivo activity, and 
therefore affirmed the Board's decision that Wattanasin had established a practical utility with 
the in vitro results. Id at 1565-66. 
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The Nelson, Cross, and Fujikawa cases are very similar to the present case. The 
reasoning of the courts in all three cases that '"[i]t is inherently faster and easier to combat 
illnesses and alleviate symptoms when the medical profession is armed with an arsenal of 
chemicals having known pharmacological activities'" applies to the asserted utility for the 
claimed antibodies. Fujikawa, 93 F.3d at 1564, quoting Nelson, 626 F.2d at 856; see also Cross, 
753 F.2d at 1051 ("Successful in vitro testing will marshal resources and direct the expenditure 
of effort to further in vivo testing of the most potent compounds, thereby providing an immediate 
benefit to the public, analogous to the benefit provided by the showing of an in vivo utility."). 
Like pharmaceutical compounds, nucleic acids, polypeptides, and antibodies which are 
associated with cancer will make it inherently faster and easier to combat cancer. The greater the 
number of biological markers of cancer medical professionals have access to, the more accurate 
and detailed a diagnosis they can make. The determination that a gene is differentially expressed 
in cancer constitutes at least as significant a development in the field of cancer diagnostics as in 
vitro screening for pharmaceutical activity. See Cross, 753 F.2d at 1051 ("the first link in the 
screening chain, in vitro testing, may establish a practical utility for the compound in question. 
Successful in vitro testing will marshal resources and direct the expenditure of effort to further in 
vivo testing of the most potent compounds, thereby providing an immediate benefit to the 
public"). 

In addition, like in vitro tests in the pharmaceutical industry, those of skill in the field of 
biotechnology rely on the reasonable correlation that exists between gene expression and protein 
expression (see discussion supra). Were there no reasonable correlation between the two, the 
techniques that measure gene levels such as microarray analysis, differential display, and 
quantitative PCR would not be so widely used by those in the art. See Second Grimaldi 
Declaration at If- 5. As in Cross, Appellants here do not argue that there is "an invariable exact 
correlation" between gene expression and protein expression. See Cross, 753 F.2d at 1050. 
Instead, Appellants' position detailed above is that a measured change in gene expression in 
cancer cells establishes a "significant probability" that the expression of the encoded polypeptide 
in cancer will also be changed based on "a reasonable correlation therebetween." Id. ; see also 
Fujikawa, 93 F.3d at 1565 ("a 'rigorous correlation' need not be shown in order to establish 
practical utility; 'reasonable correlation' suffices"); Nelson, 626 F.2d at 857 (holding that "a 
rigorous correlation is not necessary" and that a "reasonable correlation" will suffice). 

-41 - 



Appl. No. : 10/063,530 

Filed : May 2, 2002 



Also of importance is the Court's rejection of the notion that any in vitro testing must be 
statistically significant to support a practical utility. Nelson, 626 F.2d at 857. Likewise, 
qualitative characterizations of a test compound as either increasing or decreasing blood pressure 
was acceptable. Id at 855 (stating that responses were categorized as either a depressor 
(lowering) effect or a pressor (elevating) effect). This .is similar to the data in Example 18, 
where the change in mRNA levels is described as "more highly expressed." 

There are additional similarities. In Fujikawa, the Board and Court rejected the argument 
that there was no utility because there was no exact correlation between the in vitro and in vivo 
results in spite of supporting testimony and references. Fujikawa, 93 F.3d at 1565-66. Like the 
two references rejected by the Board and Court in Fujikawa, the Chen et al reference cited by 
the Examiner may suggest that the correlation between changes in mRNA levels and protein 
levels is not exact. But like Fujikawa, portions of Chen et al also support Appellants' assertion, 
and Appellants have submitted the declaration of two experts in the field which state that those in 
the field rely on the correlation between changes in mRNA and protein. See Second Grimaldi 
Declaration at If 5; Polakis Declaration at \ 6. Thus, as was the case in Fujikawa, although there 
may be some evidence that the correlation relied on is not exact, the declarations and numerous 
references submitted by Appellants is more than enough evidence to establish that there is a 
"reasonable correlation" between changes in mRNA levels and changes in the level of the 
encoded protein. 

In conclusion, Appellants have asserted that the claimed antibodies are useful for the 
diagnosis of cancer, particularly rectal and kidney cancer, based on the data in Example 1 8. This 
utility is far beyond the nebulous expressions "biological activity" or "biological properties" 
rejected in In re Kirk, 376 F.2d 936, 153 ILS.P.Q. 48 (C.C.P.A. 1967). Like Nelson, Cross, and 
Fujikawa, Appellants have asserted a utility which relies on a reasonable correlation between the 
data disclosed in the application and the asserted utility. The fact that there may be limited 
evidence that the correlation is not exact does not invalidate Appellants' showing of utility since 
the correlation need not be a rigorous or exact one. Considering the relevant evidence as a whole, 
Appellants have provided sufficient evidence to establish a reasonable correlation between 
changes in the level of mRNA and corresponding changes in the level of the encoded 
polypeptide. Therefore the claimed antibodies have a practical utility as diagnostic tools for 
rectal and kidney cancer. 
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10. Utility - Conclusion 

Appellants' asserted utility for the claimed antibodies as diagnostic tools for cancer 
corresponds in scope to the subject matter sought to be patented and therefore "must be taken as 
sufficient to satisfy the utility requirement of § 101 for the entire claimed subject." In re Longer, 
503 F.2d 1380, 1391, 183 U.S.P.Q. 288, 297 (C.C.P.A. 1974). The Examiner's unsupported 
arguments and largely irrelevant references are not sufficient evidence to make a prima facie 
showing that "one of ordinary skill in the art would reasonably doubt the asserted utility." In re 
Brana, 51 F.3d 1560, 1566, 34 U.S.P.Q.2d 1436 (Fed. Cir. 1995). 

And even if the Examiner has established a prima facie case, Appellants have offered 
sufficient rebuttal evidence in the form of expert declarations and references, which, when 
considered as a whole, establish that it is more likely than not that the asserted utility is true. See 
In re Oetiker, 977 F.2d 1443, 1445, 24 U.S.P.Q.2d 1443, 1444 (Fed. Cir. 1992) (stating that the 
evidentiary standard to be used throughout ex parte examination in setting forth a rejection is a 
preponderance of the evidence, or "more likely than not" standard); M.P.E.P. at § 2107.02, part 
VII ("evidence will be sufficient if, considered as a whole, it leads a person of ordinary skill in 
the art to conclude that the asserted utility is more likely than not true .") (emphasis in original). 

Finally, the courts' decisions in similar cases make clear that the evidence provided by 
Appellants is sufficient to establish the asserted utility. The evidence does not need to be direct 
evidence, nor does it need to provide an exact correlation between the submitted evidence and 
the asserted utility. Instead, evidence which is "reasonably" correlated with the asserted utility is 
sufficient. See Fujikawa, 93 F.3d at 1565 ("a 'rigorous correlation' need not be shown in order 
to establish practical utility; 'reasonable correlation' suffices"); Cross, 753 F.2d at 1050 (same); 
Nelson, 626 F.2d at 857 (same). Considering the evidence as a whole in light of the relevant 
cases, the Board should find that Appellants have established at least one specific, substantial, 
and credible utility, and the Examiner's rejection of the pending claims as lacking utility should 
be reversed. 

C. Enablement Rejection - Detailed Argument 

The second issue before the Board is whether Appellants have enabled the pending 
claims such that one of skill in the art would be able to make and use the claimed invention. The 
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Examiner has rejected Claims 1-5 under 35 U.S.C §112, first paragraph, arguing that because 
the claimed invention is not supported by either a specific or substantial asserted utility or a well- 
established utility, one skilled in the art clearly would not know how to use the claimed invention. 
See Final Office Action at 3. 

1. Because the Claimed Invention is Supported by a Specific. Substantial and 
Credible Utility, the Enablement Rejection should be Reversed 

For the reasons stated above, the claimed invention is supported by a specific, substantial 
and credible utility. Because the lack of a supporting utility is the only basis for the Examiner's 
rejection under 35 U.S.C. § 1 12, first paragraph, the Board should reverse the rejection of Claims 
1-5 as lacking enablement. 

D. 35 U.S.C. §§ 102(b) and 103(a) Rejections - Detailed Argument 

The final issue before the Board is whether the rejection of pending Claims 1, 2, and 5 
under 35 U.S.C. § 102(b) as being anticipated by Edwards et al (U.S. Patent No. 6,222,029), and 
the rejection of Claims 3 and 4 under 35 U.S.C. § 103(a) as unpatentable over Edwards et al 
(U.S. Patent No. 6,222,029) in view of Mack et al (U.S. Patent No. 6,294,343) is proper. Final 
Office Action at 14-15. 

To be anticipated under 35 U.S.C. § 102(b), the invention must be patented or described 
in a printed publication "more than one year prior to the date of the application for patent in the 
United States." 35 U.S.C. § 102(b). Appellants submit that Edwards does not anticipate any of 
the pending claims because it was not published more than one year prior to the effective filing 
date of the instant application for patent in the United States. 

As stated in the Preliminary Amendment filed September 3, 2002, the instant application 
is a continuation of, and claims priority under 35 U.S.C. § 120 to, U.S. Application No. 
10/006867 filed 12/6/2001, which is a continuation of, and claims priority under 35 U.S.C. § 120 
to, PCT Application No. PCT/USOO/23328 filed 8/24/2000, which is a continuation-in-part of, 
and claims priority under 35 U.S.C. § 120 to, U.S. Application No. 09/380137 filed 8/25/1999, 
which is the National Stage filed under 35 U.S.C. §371 of PCT Application No. 
PCT/US99/12252 filed 6/2/1999, which claims priority under 35 U.S.C. §119 to U.S. 
Provisional Application No. 60/088824 filed 6/10/1998. 
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The sequences of SEQ ID NOs: 27 and 28 are disclosed in Figures 27 and 28 of PCT 
Application No. PCT/US00/23328. The data in Example 18 (Tumor Versus Normal Differential 
Tissue Expression Distribution), are disclosed in PCT Application No. PCT/US00/23328 on 
page 93, line 3, through page 96, line 35. Appellants submit that for the reasons stated above, 
the claimed antibodies are enabled and have a credible, substantial, and specific utility. 
Therefore, Appellants submit that they are entitled to a priority date of at least August 24, 2000, 
the filing date of PCT Application No. PCT/US00/23328. 

Edwards was first published when it issued on April 24, 2001. Thus, Edwards was not 
published more than one year prior to the filing of PCT Application No. PCT/USOO/23328 filed 
August 24, 2000, and therefore Edwards is not available as prior art against the instant 
application under 35 U.S.C. §§ 102(b) or 103(a). 

Hence, Appellants respectfully request that the Board reverse the Examiner's rejection of 
Claims 1-5 under 35 U.S.C. §§ 102(b) and 103(a) as being anticipated or obvious over Edwards 
et al 

E. Conclusion 

In view of the arguments presented above, Appellants submit that the specification as 
filed provides a specific, substantial and credible utility for the claimed antibodies and 
respectfully request that the Board reverse the Examiner's rejection of the pending claims under 
35 U.S.C. §101, the related rejection under 35 U.S.C. §112, and the rejection under 35 U.S.C. 
§§ 102(b) and 103(a). 
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VIII. APPENDIX A - CLAIMS ON APPEAL 

1 . An isolated antibody that specifically binds to the polypeptide of SEQ ID NO:28. 

2. The antibody of Claim 1 which is a monoclonal antibody. 

3. The antibody of Claim 1 which is a humanized antibody. 

4. The antibody of Claim 1 which is an antibody fragment. 

5. The antibody of Claim 1 which is labeled. 

6. (Cancelled) 
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IX. APPENDIX B - EVIDENCE 

Attached hereto is a copy of the evidence cited in Appellants' Brief. The list of evidence 
below is accompanied by a statement setting forth where in the record that evidence was entered 
into the record by the Examiner. 



Tab 


Reference 


Submitted 


Entered 


1 


Hu et ai, J. Proteome 
Res., (2003) 2(4):405- 
12 




Cited by Examiner in 
the final Office Action 


2 


Haynes et al. , 
Electrophoresis, (1998) 
19(11):1862-71 




Cited by Examiner in 
the final Office Action 


3 


Chen etal, MoL and 
Cell. Proteomics, 
(2002) 1:304-313 




Cited by Examiner in 
the final Office Action. 


4 


Gygi et ai, MoL and 
Cell. Bio., (1999) 
19(3):1720-1730 




Cited by Examiner in 
the final Office Action 


5 


First Declaration of J. 
Christopher Grimaldi 


Originally submitted with 
Appellants' Amendment and 
Response to Office Action mailed 
August 18, 2004 as Exhibit A 


Entered by Examiner in 
final Office Action dated 
December 30, 2004 


6 


Second Declaration by 
J. Christopher Grimaldi 


Originally submitted with 
Appellants' Amendment and 
Response to Office Action mailed 
August 18, 2004 as Exhibit B 


Entered by Examiner in 
final Office Action dated 
December 30, 2004 


7 


Declaration of Paul 
Polakis, Ph.D. 


Originally submitted with 
Appellants' Amendment and 
Response to Office Action mailed 
August 18, 2004 as Exhibit C 


Entered by Examiner in 
final Office Action dated 
December 30, 2004 


8 


Bruce Alberts, et al, 
Molecular Biology of 
the Cell (3 rd ed. 1994) 


Originally submitted with 
Appellants' Amendment and 
Response to Final Office Action 
dated March 14, 2005 as Exhibit 3 


Entered by Examiner in 
final Office Action dated 
July 6, 2005 


9 


Bruce Alberts, et al, 
Molecular Biology of 
the Cell (4 th ed. 2002) 


Originally submitted with 
Appellants' Amendment and 
Response to Final Office Action 
dated March 14, 2005 as Exhibit 4 


Entered by Examiner in 
final Office Action dated 
July 6, 2005 


10 


Genes VI, (Benjamin 
Lewin, Genes VI 
(1997)) 


Originally submitted with 
Appellants' Amendment and 
Response to Final Office Action 
dated March 14, 2005 as Exhibit 5 
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11 


Zhigang et al, World 
Journal of Surgical 
Oncology (2004)2:13 


Originally submitted with 
Appellants' Amendment and 
Response to Final Office Action 
dated March 14, 2005 as Exhibit 6 


Entered by Examiner in 
nnai utnce Action dated 
July 6, 2005 


12 


Meric et al, Molecular 
Cancer Therapeutics, 
(2002) 1:971-979 


Originally submitted with 
Appellants' Amendment and 
Response to Final Office Action 
dated March 14, 2005 as Exhibit 7 


Entered by Examiner in 
nnai uriice Action dated 
July 6, 2005 


13 


Page 122 of the 2002- 

ZUUj 1NCW JJJlglallU 

Biolabs catalog 


Originally submitted with 

/AppciiaiiLb /-VIIlCllUlllClll CUIU 

Response to Final Office Action 
dated March 14, 2005 as Exhibit 1 


Entered by Examiner in 

final Offipp Apfinn Hat^H 

July 6, 2005 


14 


Hanna and Mornin, 
Pathology Assocs. 
Med. Labs. Technical 
Update (Aug. 1999) 


Originally submitted with 
Appellants' Amendment and 
Response to Office Action dated 
August 18, 2004 as Exhibit H 


Entered by Examiner in 
final Office Action dated 
December 30, 2004 
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APPENDIX C - RELATED PROCEEDINGS 

None - there are no decisions rendered by a court or the Board in any related proceedings 
identified above. 
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Yanhui Hu f Lisa M Hines, Haifeng Weng, Dongmei Zuo, Miguel Rivera, 
Andrea Richardson, and Joshua LaBaer* 

Institute of Proteomics. Harvard Medical Schoot-BCMP, 240 Longwood Avenue, Boston, Massadiusetts 02115 

Received March 13, 2003 

High-throughput technologies, such as proteomic screening and DNA micro-arrays, produce vast 
amounts of data requiring comprehensive analytical methods to decipher the biologically relevant 
results. One approach would be to manually search the biomedical literature; however, this would be 
an arduous task. We developed an automated literature-mining tool, termed MedGene, which 
comprehensively summarizes and estimates the relative strengths of all human gene-disease 
relationships in Medline. Using MedGene. we analyzed a novel micro-array expression dataset 
comparing breast cancer and normal breast tissue in the context of existing knowledge. We found no 
correlation between the strength of the literature association and the magnitude of the difference in 
expression level when considering changes as high as 5-fold; however a significant correlation was 
observed (r = 0,41; p = 0.05) among genes showing an expression difference of 10-fold or more. 
Interestingly, this only held true for estrogen receptor (ER) positive tumors, not ER negative. MedGene 
identified a set of relatively understudied, yet highly expressed genes in ER negative tumors worthy of 
further examination. 

Keywords: bioinformatics • micro-array * text mining ♦ gene-disease association • breast cancer 



Introduction 

At its current pace, the accumulation of biomedical literature 
outpaces the ability of most researchers and clinicians to stay 
abreast of their own immediate fields, let alone cover a broader 
range of topics. For example, to follow a single disease, e.g., 
breast cancer, a researcher would have had to scan 130 different 
journals and read 27 papers per day in 19D9. 1 This problem is 
accentuated with high- throughput technologies such as DNA 
micro-arrays and proteomics. which require the analysis of 
large datascts involving thousands of genes, many of which arc 
unfamiliar to a particular researcher. In any micro array experi- 
ment, thousands of genes may demonstrate statistically sig- 
nificant expression changes, but only a fraction of these may 
be relevant to Ihc study. The ability to interpret these dalasets 
would be enhanced if they could be compared to a compre- 
hensive summary of what is known about all genes. Thus, there 
is a need to summarize existing knowledge in a format that 
allows for ihc rapid analysis of associations between genes and 
diseases or other specific biological concepts. 

One solution to this problem is to compile structured digital 
resources, such as die Breast Cancer Gene Database 1 and the 
Tumor Gene Database. 2 However, as these resources are hand- 
cu rated, the labor-intensive review process becomes a rate- 
limiting step in tlie growth of the database. As a result, these 
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databases have a limited scale and the genes arc not selected 
in a systematic fashion. 

An alternative approach is automated text mining; a method 
which involves automated informaUon cxtracUon by searching 
documents for text strings and analyzing their frequency and 
context This approach has been used successfully in several 
instances for biological applications. In most cases, it lias been 
applied to extract information about the relationships or 
interactions that proteins or genes have with one another, in 
die literature or by functional annotation. 1 " 7 Thus far. few 
publication have applied text-mining to examine the global 
relationships between genes and diseases. Perez-Iratxela et al. 
automatically examined the GO (Gene Ontology) annotation 
of genes and their predicted chromosomal locations in order 
to identify genes linked to inherited disorders. 8 

To obtain a more global understanding of disease develop- 
ment, it would be valuable to incorporate information regarding 
all possible gene-disease relationships, including biochemical, 
physiological, pharmacological, epidemiological, as well as 
gcncUc. This Information would enable comprehensive com- 
parisons between large experimental datascts and existing 
knowledge in the literature. Tills would accomplish two things. 
First, it would serve to validate experiments by demonstrating 
that known responses occur as predicted. Second, it would 
rapidly highlight wliich genes arc corroborated by the literature 
and which genes are novel in a given contexL Wc liave utilized 
a computational approach to literature mining to produce a 

Journal of Proteome Research 2003, 2. 40S-412 40S 
Published oo Wet) 06/13/2009 



research articles 



Hu et al 



comprehensive sel of gcne-dlseasc relatlonslilps. In addition, 
wc have developed a novel approach to assess the strength of 
each association based on the frequency of citation and co- 
citation. We applied this tool to help interpret the data from a 
large micro-array gene expression experiment comparing 
normal and cancerous breast tissue. 

Methods 

MedGene Database. McdCene is a relational database, stor- 
ing disease and gene information from NCBI, text mining re- 
sults, statistical scores, and hyperlinks to the primary lit- 
erature. MedGene has a web-based user interface for users to 
query the database (http://hipseq jnedJiarvard.edu/MedCenc/). 

Text Mining Algorithms. MeSH files were downloaded from 
the MeSH web site at NLM (Nation Library of Medldne) (http:// 
www.nlmjiih.gov/mesh/meshhome.hlml) and human disease 
categories were selected. LocusUnk files were downloaded from 
the LocusLink web site at NCBI (http://www.ncbi.nih.gov/ 
LocusUnk/). Official/preferred gene symbol, official/preferred 
gene name, and gene alternative symbols and names, all 
relevant annotations and URLs for each LocusUnk record, were 
collected. Cene search terms were used for literature searching 
and included all qualified gene names, gene symbols, and gene 
family terms. Primary gene keys, predominantly qualified gene 
family terms and gene official/preferred symbols, were used 
to index Medline records. If the official/preferred gene symbols 
did not meet the standards to be an index, then qualified gene 
official/preferred names were used. A local copy of Medline 
records (up to July, 2002) was pre-selected. 

A JAVA module examined the MeSH terms and then indexed 
each Medline record with the appropriate disease terms. A 
separate JAVA module was used to examine the titles and 
abstracts for gene search terms and men to index the gene- 
related Medline records with the relevant primary gene key(s). 

Statistical Methods. For every gene and disease pair, we 
counted records that were Indexed for both gene and disease 
(double positive hits), for disease only (disease single hits), for 
gene only (gene single hits), and for neither gene nor disease 
(double negative hits) to generate a 2 x 2 conUngency table. 
On the basis of the contingency table-framework, we applied 
different statistical methods to estimate the strength of gene- 
disease relationships and evaluated the results. These methods 
included chi-square analysis. Fishers exact probabilities, rela- 
tive risk of gene, and relative risk of disease 18 (http:// 
hipscq.med.harvard.edu/MedGcne/). In addition, we computed 
the "product of frequency", which is the product of the 
proportion of disease/gene double hits to disease single Wis 
and the proportion of disease/gene double hits to gene single 
hits. To obtain a normal distribution, we transformed all the 
statistical scores using the natural logarithm. We selected the 
log of the product of frequency (LPF) to validate MedGene and 
to use for the analysis with the micro-array data. Speannan 
rank-correlation coefficients were used to assess the linear 
relationship between LPF and micro-array fold change in 
expression level. 

Global Analysis. Diseases with at least 50 related genes were 
selected for clustering analysis, and the LPF scores were 
normalized with total score for each disease. Hierarchical 
clustering was done with the "Cluster" software and the 
clustering result was visualized using ~TrceViewer" (http:// 
rana.lbl.gov/EisenSoftware.htm). 
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Breast Tissue Micro-Arrays. Eighty-nine breast cancer 
samples (79% ER-positlve) and 7 normal breast tissue samples 
were selected from the Harvard Breast SPORE frozen tissue 
repository and were representative of the spectrum of histo- 
logical types, grades, and hormone receptor immuno-pheno- 
types of breast cancer. Biotlnylated cRNA, generated from the 
total RNA extracted from the bulk tumor, was hybridized to 
Affymetrix U95A oligonucleotide micro-arrays. These micro- 
arrays consist of 12 400 probes, which represent approximately 
9000 genes. Raw expression values were obtained using GENE- 
CHIP software from Affymetrix. and then further analyzed using 
the DNA-Chip Analyzer (dChlp) custom software. 

Results 

Automated Indexing of Medline Records by Disease and 
Gene. To study the gene-disease associations in the literature, 
we first complied complete lists for human diseases and human 
genes. To index all Medline records that were relevant to 
human diseases, the Medical Subject Heading (MeSH) index 
of Medline records was utilized. MeSH is a controlled medical 
vocabulary from the National Library of Medicine and consists 
of a set of terms or subject headings that are arranged in both 
an alphabetic and an hierarchical structure. Medline records 
are reviewed manually and MeSH terms are added to each with 
software assistance. 910 Twenty-three human disease category 
headings along with all of their child terms (see the Supporting 
Information. Supplemental Table 1, or visit http://hipseq. 
medJianvard.edu/Medtene/publication/sJTable l.html) were 
selected from the 200Z MeSH index creating a list of 4033 
human diseases. 

No index comparable to the MeSH index exists for genes, 
and thus, it was necessary to apply a string search algorithm 
for gene names or symbols found in Medline text A complete 
list of genes, gene names, gene symbols, and frequently used 
synonyms were collected from the LocusLink database at 
NCB!. IUJ which contains 53 259 independent records keyed 
by an official gene symbol or name (June 18* 2002). For the 
purposes of this study, no distinction was made between genes 
and their gene products. Authors often use the same name for 
both, differentiating the two only by the use of italics, if at all. 
For the intended use of this study, this lack of distinction is 
unlikely to liave a large effect and may in fact be beneficial. 

Initial attempts to search the literature using these lists 
revealed several sources of false positives and false negatives 
(Table 1). False positives primarily arose when the searched 
term had other meanings, whereas false negatives arose from 
syntax discrepancies necessitating the development of Alters 
to reduce these errors. The syntax issues were readily handled 
by including alternate syntax forms in the search terms. The 
faJse positive cases, caused by duplicative and unrelated 
meanings for the terms, were more difficult to manage. Where 
possible, case sensitive string mapping reduced inappropriate 
citations. In many cases, however, this was not sufficient and 
the terms had to be eliminated entirely, thereby reducing the 
false positive rate but unavoidably under-representing some 
genes. 

For the purposes of data tracking, a primary gene key was 
selected to represent all synonyms that correspond to each 
gene. Medline records were indexed with a primary gene key 
when any synonym for that key was found in the title or 
abstract Case-insensitive suing mapping was used for all 
searches except as noted above. No additional weight was 
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Table 1. Systematic Sources of False Positives and False Negatives In Unfiltered Data' 



research articles 



source of error 



enor type 



iple 



niter solution 



gene symbol/name 
Is not unique 



gene symbol is 

unrelated abbreviation 
gene symbol/name 

has language meaning 
nonstandard syntax 
unofliclal gene name/symbol 
nonspedlled gene name 



false positive MAG-myelln 

associated glycoprotein 
M/lG-mallgnancy-assodated 
protein 

false positive /M— pallid homologue (mouse). 

pallldin (also abbrev. for Pennsylvania) 
false positive WAS-Wlskott-Aldrlch Syndrome 

(also the word "Was") 
false negative BAG-l instead of BACi 
false negative P53 Instead of TP53 
false negative estrogen receptor instead of 

Estrogen receptor 1 



eliminate this term 

eliminate this term 

case-sensitive string search 

add dash term 

add all gene nicknames 

add family stem term 



• In preliminary stud Medline was scorched for cooccurrence of genes and diseases and the resulting output was evaluated to Identify error sources that 
were amenable Co global fitters. Each error source is categorized by the type of error It causes: {also positives are suggested relationships thai are not real and 
false negatives are real relationships that are undcrrepresented. the filter solutions used are Indicated. Note that In some cases, the filter solution Itself Introduces 
error. In general, error rates maximized sensitivity, even at the expense of specificity If needed. 



added for multiple occurrences of a term or the co-occurrence 
of multiple synonyms for the same gene key. 

Medline records were searched with all qualified gene 
identifiers, such as the official/preferred gene symbol, the 
official/preferred gene name, all gene nicknames and all syntax 
variants. In situations where there are several members of a 
gene family or splice variants, some authors prefer to use a 
shortened gene family name, e.g., estrogen receptor instead of 
estrogen receptor 1 (£S/?J). creating a source of false negatives. 
For this reason, gene family stem terms were created for all 
genes that have an alpha or numerical suffix (e.g.. JL2RA, TGFp, 
ESRI, etc.) and then used to search the literature. The family 
stem terms were handled separately from the specific gene 
names so that it would be clear when linkages were made to 
the gene family versus a specific member In that family. 

To improve performance and accuracy, some pre-seleciion 
was applied to the records that were scanned. First review 
articles were eliminated to avoid redundant treatment of 
citations. Second, non-English journals were removed because 
the natural language filters were only relevant to English 
publications. Finally, Journals unlikely to contain primary data 
about gene-dlseasc relationships were also removed (e.g., bit 
J. Health Educ. Bedside Nurse, and / Healtli Econ). Together, 
these filters reduced the 12 198 221 Medline publications (July 
2002) by 37%. 

Ranking the Relative Strengths of Gene -Disease Associa- 
tions. In total, there were 618 708 gene-disease co-citations, 
in which 16% (8297) of all studied genes had been associated 
to a disease and 96% (3875) of all diseases had been associated 
to at tcast one gene. To rank the relative strengths of gene 
disease relationships, we tested several different statistical 
methods and examined the results. With the exception of the 
relative risk estimates, the methods provided similar results 
with respect to the rank order of the gene-disease association 
strengths. However, after comparing the results to other 
databases and after consulting disease experts, the log of the 
product of frequency (LPF) was selected for further analysis 
because it gave the best results overall. 

Validation of McdGcnc. In developing this tool, it was 
important to minimize the number of missed genes (false 
negatives) and miscalled genes (false positives). However, In 
situations when these goals were in conflict, indusiveness was 
prioritized. To determine the false negative rate in MedCcne, 
breast cancer was used as a test case because it was associated 
with more genes than any other human disease and because 




Figure 1. Estimation of the false negative rate by comparison 
with hand*curated databases. The breast cancer-related genes 
Identified by MedGene were compared with those listed in 
several other databases including the Tumor Gene Database 
(TGD), 2 the Breast Cancer Gene Database(BCG), 1 GeneCards 
(GC) 17 and Swissprot.™ Genes were considered false negatives 
if they were represented In at least one of these other databases 
and not in MedGene and their link to breast cancer was sup- 
ported by at least one literature reference. All literature references 
were verified by manual review to confirm their validity. The 
number of genes in each database or shared by more than one 
database is indicated. The false negative rate was calculated by 
genes missed at MedGene (26)/total number of nonoverlapping 
genes in other databases (285). 



there were several public databases that link genes to breast 
cancer. We compared the list of breast cancer-related genes 
from MedGene to these databases, illustrated in Figure 1. 
Among the 285 distinct breast cancer-related genes that were 
supported by at least one literature citation in these hand- 
cu rated databases, 26 were absent from MedGene, suggesting 
a false negaUve rate of approximately 9%. To determine why 
these were missed, all literature references for these genes (80 
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papers) were reviewed manually (see the Supporting Informa- 
tion, Supplemental Table 2, or visit hUp7/hipseq.med. 
liarvanLedu/MedCene/pubUcation/sjrable 2.html). Among 
these papers, most false negatives were caused by nonstandard 
gene terms or gene terms eliminated by our specificity raters. 
Few genes were missed because they were only mentioned in 
review papers (0.4%) or they appeared only in the body of the 
manuscript but not the abstract or title (1.1%). Of note. 
MedGene identified approximately 2000 additional breast 
cancer-related genes not listed in any other database. 

To assess the false positive error rate, two complementary 
approaches were used: a detailed analysis of one disease and 
a global examination of 1000 diseases. The detailed approach 
examined the false positive error rate and its sources, whereas 
the global approach tested whether the overall results made 
biomedical sense. 

Using the LPF, 1467 genes related to prostate cancer were 
assembled in rank order. We then retrieved approximately 300 
Medline records each for the highest ranked 100 and Ihe lowest 
ranked 200 genes and manually reviewed the titles and 
abstracts to determine the verity of the association. Nearly 80% 
of the highest ranked 100 genes fell into one of the five 
categories that reflect meaningful gene-disease relationships 
(see the Supporting Information, Supplemental Table 3, or visit 
http://hipscq.med.harvard.edu/MedGene/publication/ 
sJTable 3.html). Among the lowest ranked 200 genes, ap- 
proximately 70% reflected true relationships. Of the 600 records 
reviewed, there were only two In which the association between 
the gene and the disease was described as negative. Both were 
genes with very low scores. In both cases, the authors did not 
argue the absence of any relationship, but rather that a 
particular feature of the gene or protein was not shown to be 
related to human prostate cancer. 1314 

The coincidence of some gene symbols wilh medical ab- 
breviations, chemical abbreviations and biological abbrevia- 
tions resulted in most of the false positives (see the Supporting 
Information, Supplemental Table 4. or visit http://hipse- 
q.med.harvard.edu/MedGene/publicalion/sjrable 4.htmi), em- 
phasizing the importance of the fillers that were added in the 
search algorithm (Table 1). Without the filters, the false positive 
rate more than doubled, and the false negative rate rose 
dramatically (data not shown). For example, among the papers 
about breast cancer, there were only 12 Medline records that 
referred to ESRl and 10 to ESR2, whereas almost 2000 papers 
mentioned estrogen receptor without specifying ESRl or ESR2, 
this latter group was detected by the family stem term filter. 

To further validate these results, a global analysis of the gene- 
disease relationships described by MedGene was performed. 
For this experiment, it was reasoned that the more closely 
related the diseases are to one another, the more they will be 
related to the same gene sets. Thus, if the relationships defined 
by MedGene accurately reflected the literature, then an unsu- 
pervised hierarclilcal clustering of the gene data should group 
diseases in a manner consistent with common medical think- 
ing. Conversely, if the clustered diseases do not make sense 
biologically or medically, it may reflect excessive false positives, 
false negatives, or inappropriate scoring of the data. 

To execute this experiment, die gene sets and the corre- 
sponding LPF values for 1000 randomly selected diseases (each 
willi at least 50 gene relationships) were used as a datasct for 
clustering the diseases. A review of the results showed that the 
resulting disease clusters were indeed logical based upon 
common medical knowledge (see the Supporting Infonnation. 



Supplemental Figure 1. or visit httpV/hipseq jnedJiarvard.edu/ 
MedCene/publicaUon/sJigure Uitmi). For example, in one 
such duster shown In Figure 2, diabetes and its complications 
grouped together and were also closely linked to diseases 
associated with starvation states. 

The number of genes associated with a given disease can 
be estimated by adjusting the MedGene number up by the false 
negative rate t~9%) and down by the false positive rate (-26% 
on average). Using this, the average disease has 103.7 ± 45.3 
(mean ± s.d.) genes associated with it, although the range Is 
quite broad with 2359 genes related to breast cancer, 2122 
genes related to lung cancer and no genes related to a number 
of diseases. 

Applying MedGene to the Analysis of Large Datasets. Access 
to a comprehensive summary of the genes linked to human 
diseases provided an opportunity to analyze data obtained from 
a high-throughput experiment We compared the MedGene 
breast cancer gene list to a gene expression data set generated 
from a micro-array analysis comparing breast cancer and 
normal breast tissue samples. Micro-array analysis identified 
2286 genes that had greater than a 1-fold difference in mean 
expression level between breast cancer samples and normal 
breast samples. Using MedGene, we sorted the 2286 genes into 
four classes: 555 genes directly linked to breast cancer in the 
literature by gene term search (first-degree association by gene 
name); 328 genes directly linked by family term search (first- 
degree association by family term); 1021 genes linked to breast 
cancer only through other breast cancer genes (second-degree 
association); and 505 genes not previously associated with 
breast cancer. (See the Supporting Information, Supplemental 
Figure 2, or visit http://hipseq.med.harvard.edu/MedGene/ 
publication/sj^gure 2.html.) Among the 505 previously un- 
related genes, 467 were either newly identified genes or genes 
that had not previously been associated with any disease. 
Among the remaining 38 genes, 9 had been related to other 
cancers, specifically esophageal colon, uterine, skin, and cervix. 

To determine whether the genes highlighted by the micro- 
array analysis were more likely to have been previously linked 
to breast cancer In the literature, we created a two-dimensional 
plot of the fold change of expression level between breast 
cancer and normal tissue versus the literature score (LPF) 
(Figure 3A). There was a broad spread of expression changes 
among the genes directly linked to breast cancer ranging from 
less than 1-fold change (68%) to over 40-fold (0.3%). Notably, 
the majority of genes with greater than 10-fold expression 
changes were linked to breast cancer by first-degree associa- 
tion. 

Among all 754 genes directly linked to breast cancer In the 
literature, there was no correlation between LPF and micro- 
array fold change (r & 0.018, p-value » 0.62). However, when 
we stratified the analysis based on the magnitude of the fold 
change, we observed an Increasing trend in correlation (Figure 
38) suggesting that genes with a more substantial change in 
expression level were more likely to have a stronger association 
in the literature. For genes that had 10-fold change or more in 
expression level, the correlation increased to 0.4 1 (p- value =■ 
0.05). 

When we evaluated the micro-array data separately for ER 
positive and ER negative tumors, the trend in con-elation 
between fold change and literature score was highly dependent 
on estrogen receptor status. Interestingly, there was a similar 
trend In correlation for ER positive tumors, but no trend in 
correlation for ER negative tumors. 
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Coxsackievirus Infections 
Obesity in Diabetes 
Diabetic Ketoacidosis 
Glucose Intolerance 

Diabetes Me 11 it us, Non- Insulin- Dependent 
Diabetes Meliitus, Insulin -Dependent 
Pregnancy in Diabetics 
Diabetic Retinopathy 
Diabetic Angiopathies 
Diabetic Neuropathies 
Glycosuria 
Byperinsullnism 
Hyper insullnemla 

Hypoglycemia 
Hyperglycemia 

Diabetes Meliitus, Experimental 
Diabetes Meliitus 
Diabetes, Gestational 
~ IftaYvaCfon 
Jaundice, Neonatal 
Brain Edema 
Pulmonary Edema 
nutrition Disorders 
Kwashiorkor 
Critical Illness 
Burns 

Diabetic Nephropathies 
Albuminuria 
Insulinoma 

Figure 2. Global validation by clustering analysis. 2(A). The gene sets and the corresponding LPF values for 1000 diseases, each with 
at least 50 gene relationships, were used in an unsupervised clustering of the diseases based on the gene patterns associated with 
them. A sample of the data is shown here. 2(B). One of the resulting clusters Is shown that corresponds to blood sugar states. Diabetes 
terms (above the line) and starvation states terms (under the line) clustered together. Within these groups, there is also clustering of 
diabetic small vessel complications, altered serum chemistries, nutritional disorders, etc.(Supplemental Figure 1: http://hipseq.med. 
harvard.edu/MedGene/publicatlon/s.Figure Lhtml). 




Finally, to validate our findings, we computed similar cor- 
relations between the breast cancer expression data and 
LPF scores generated by MedGene for hypertension, a 



disease unrelated to breast cancer. As expected, we did not 
observe an increasing trend in correlation for hyperten- 
sion. 
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Microarray Fold Change (Cancer/Normal) 




Figure 3. Relationship between literature score and functional data Tor breast cancer. 3A, The data from an expression analysis of 
samples for breast tumors and normal breast tissue were analyzed to indicate the fold difference of expression level between breast 
tumor and normal sample (cutoff > 3-fold change). The fold changes were plotted against the literature score for the same gene set. 
Green dots represent first-degree association by gene search, blue dots represent first-degree association by family search and red 
dots represent no-association. Some well-studied genes, such as BRCA2 (pink circle), are not reflected by a substantial difference In 
expression level. Furthermore, the majority of genes that have no association with breast cancer in the literature had less than 10-fold 
expression changes (shaded area). 3B. The Spearman rank-correlation coefficients between literature score (LPF) and the fold change 
of expression level between tumor and normal breast samples (/-axis) in relation to the amount of fold change of expression level 
(x-axis). Gene rank lists were generated for breast cancer (blue) and hypertension (pink). Correlations were also computed between 
the breast cancer gene UPF scores and fold change expression data among estrogen receptor positive tumors only (light blue) and 
estrogen receptor negative tumors only (purple). 
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Tabic 2. Top 25 Genes Related to Selected Human Diseases* 



research articles 



brcut neoplasms 



hypertension 


rheumatoid arthritis 


REN 


RA 


DBP 


TNFRSFWA 


LEP 


Ann 

LKr 


ACT 


A C 


INS 


BSRI 


kallikreln 


tit A nDfif 


ACE 


not 
UKl 


cndothclin 


tninrlAtitrln 

lnieneuKin 


SI00A6 


TJUJT 


BDK 


n At 


DIANPH 


collagen 


SARI 


ILIA 


rUi 


ACX> 
/tLJI 


CDS9 


TNFRSFI2 


ALB 


HZ 


CYPIJB2 


CHJ3L1 


MAT2B 

tnn a Am 


118 


angiotensin 




receptor 


Interleukln I 


matrix 


AGTR2 


metalloprotdnase 


NPPA 


interferon 


LVM 


CD68 


DBH 


UA 


NPY 


ILI7 


POMC 


MMP3 


neuropeptide 


SIL 



bipolar disorder 



otherosderosls 



estrogen receptor 

PCR 

ERBB2 

BRCA1 

BRCA2 

EGFR 

CYPI9 

TFFI 

PSEN2 

TF53 

CES3 • 
CEACAM5 

ERBB3 

cyclin 

C0X5A 

cathepsin 

ERBB4 

TRAM 

CCND1 

ECF 

MVCi 

insulin- like 
BCL2 

mucin 

FGF3 



ERDAl 

SNAP29 

PFKL 

DRD2 

TRH 

IMPA2 

HTR3A 

DRD3 

REM 

KCNN3 

DRD4 
HTR2C 

RELN 
DBH 
MA OA 

com 

HTR2A 

SYNJt 

INPPI 

NEDD4L 

FRAI3C 

transducer of 

ERBB2 

BAIAP3 

ATPIB3 
DRD5 



apolipoprotcin 

APOE 

LVLR 

ELN 

ARCl 

APOB 

APOAt 

MSRl 

LPL 

PONI 

plasminogen 
activator Inhibitor 
PLC 

vascular cell 

adhesion molecule 

ATOHi 

VWF 

INS 

ARC2 

ABCAI 

OLRl 

collagen 

MCP 

lipoprotein 
APQA2 
intercellular 
adhesion molecule 
RAB27A 



a Med Gene results for the lop 25 genes associated with breast neoplasms, hypertension, rheumatoid arthritis, bipolar disorder, and atherosclerosis, respectively, 
ranked by LPF scores. The hyperlink to all the papers co-clUng the gene and the disease Is available at McdGene website OJttp^/hipseq.mediiarvard.cdu/ 
MedGene/). 



Discussion 

The Human Genome Project heralded a new era in biological 
research where the emphasis on understanding specific path- 
ways has expanded to global studies of genomic organization 
and biological systems. High-throughput technologies can 
provide novel insight into comprehensive biological (unction 
but also introduces new challenges. The utility of these 
technologies Is limited to the ability to generate, analyze, and 
interpret large gene lists. MedGene, a relational database 
derived by mining the information in Medline, was created to 
address this need. MedGene users can query Tor a rank-ordered 
list of human gene-disease relationships (Table 2) for one or 
more diseases. Each entry is hyperlink ed to the original papers 
supporting each association and to other relevant databases. 

MedGcne Is an innovative extension of previous text mining 
approaches. Perez-Iratxcta et ai. used the CO annotation and 
their chromosomal locations to predict genes that may con- 
tribute to inherited disorders. 8 MedGene takes a broader view 
and includes alt diseases and all possible gene-disease relation- 
ships. Furthermore. MedGene utilizes co-citation to indicate a 
relationship rattier than CO annotation* which is limited to the 
subset of genes that iiave CO annotation. Our approach is 
complementary to that taken by Chaussabet and Sher, who 
used the frequency of co-cited terms to cluster genes into a 
lilerarchy of gene-gene relationships. 6 

A unique aspect of this tool is the ability to assess the relative 
strengths of gene-disease relationships based on the frequency 
of both co-citation and single citation. This presupposes that 
most co-cllations describe a positive association, often referred 
to as publication bias 15 and is supported by our observations 



that negative associations are rare (Supplemental Table 3: 
htlp://liipseq.med.liarvard.edu/MedGene/publication/s - .Ta- 
ble 3.html). Of course, relationships established by frequency 
of co-citation do not necessarily represent a true biological link; 
however, it is strong evidence to support a true relationship. 

Another Important feature of MedGene is the Implementa- 
tion of software filters that substantially reduced the error rate. 
We estimate that less than 10% of all associations were missed 
and at least 70% of even the weakest associations were real. 
For this study, ail of the filters that we applied were general 
ones, e.g., expanding the list of all gene names to address the 
different syntax forms used by different journals, eliminating 
gene names that correspond to common English words, etc 
The majority of the remaining search term ambiguities were 
Idiosyncratic and difficult to identify systematically without 
causing a significant rise in false negatives. Alternative ap- 
proaches, such as the examination of the nearest neighbor 
terms, need to be considered to further reduce the false positive 
rate. 

It is not uncommon to see expression changes in micro- 
array experiments as small as 2-fold reported in the literature. 
Even when these expression changes are statistically significant. 
It Is not always clear if they are biologically meaningful. When 
comparing expression levels of disease to normal tissue, one 
expects an enrichment of known disease-related genes to 
appear in the altered expression group. MedGene provided a 
unique opportunity to test this notion in the context of existing 
knowledge on a novel breast cancer micro-array dataset. For 
genes displaying a 5-fold change or less in tumors compared 
to normal, there was no evidence of a correlation between 
altered gene expression and a known role in the disease. This 
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Table 3. Genes with Large Expression Changes In ER- but 
Not in ER+ Breast Tumors 



gene symbol 


fold change (ER+) 


fold change (ER- 


KRTHB1 


1.0 


cm ft 


BRS3 


1.2 


AO A 

oU.4 


DKKJ 


1.2 


69.8 


ZICI 


1.9 


59.6 


TIMS 


1.0 


38.5 


KIAA0680 


2.6 


33.2 


CDKN3 


1.0 


30.6 


EB12 


4.0 


27.9 


CZMB 


3.8 


21.9 


STK18 


4.7 


18.6 


GPR49 


1.0 • 


14.6 


MYOW 


1.6 


14.4 


LAD1 


-1.0 




POLE2 


4.2 


13.U 


HMC4 


4.4 


1Z.S 


BCULll 


-1.2 


I Z. 3 


LRP8 


2.9 


12.2 


CCNB2 


1.0 


it a 

1 1.8 


CCNE2 


4.0 


1 1.6 


FOB 


-A3 


11.1 


KNSL6 


2,9 


10.9 


HIFS 


3.0 


10.2 


SERF win 2 


4.D 


in 7 


YAP! 


1.0 


10.0 


IPHB 


-1.3 


-10.4 


TCEA2 


-1.1 


-10.8 


TFF1 


1.3 


-11.4 


COLJ7AJ 


-4.1 


-15.7 


FOPS 


1.1 


-16.2 


BPACl 


-4.6 


-223 


FDZKl 


-1.1 


-36.8 


VEGFC 


-2.8 


-51.5 


MUC6 


-1.4 


-64-9 


SERFINA5 


-1.0 


-83.1 


MEISl 


-1.6 


-85.9 


CA12 


2.4 


-150.3 



Table 3. MedCene identified a set of relatively understudied, yet highly 
expressed genes in ER negative, but not ER positive breast tumors. All of 
these genes have cither never been co-dtcd with breast cancer or have a 
weak association except those marked with an \ 



reflects the many genes whose role In breast cancer may not 
Involve large changes In expression in sporadic tumors (e.g., 
BRCA1 and BRCAZi and genes whose modest changes In 
expression may be unrelated to the disease. Strikingly, among 
genes wilh a 10-fold change or more In expression level, there 
was a strong and significant correlation between expression 
level and a published role in the disease, providing the first 
global validation of the micro-array approach to identifying 
disease-specific genes. 

The results derived from MedCene have two implications. 
First, a careful hunt for corroborating evidence of a role in 
breast cancer should precede any further study of genes with 
less than 5-fold expression level changes. Second, any genes 
with 10-fold changes or more are likely to be related to breast 
cancer and warrant attention. It is likely that this threshold will 
change depending on the disease as well as die experiment 

Interestingly, the observed correlation was only found among 
ER-positivc tumors, not ER-negative. This may reflect a bias 
in the literature to study the more prevalent type of tumor in 
the population. Furthermore, this emphasizes that caution 
must be taken when interpreting experiments that may contain 
subpopulations that behave very differently. The MedCene 
approach identified a set of relatively understudied, yet highly 
expressed genes in ER-negative tumors that arc worthy of 
further examination (Table 3). 



Hu etol 

In conclusion, we have developed an automated method of 
summarizing and organizing the vast biomedical literature. To 
our knowledge, the resulting database Is the most comprehen- 
sive and accurate of its kind. By generating a score that reflects 
the strength of the association, it provides an Important tool 
for ihe rapid and flexible analysis of large datasets from various 
high-throughput screening experiments. Furthermore, it can 
be used for selecting subsets of genes for functional studies, 
for building disease-specific arrays, for looking at genes com- 
mon to multiple diseases and various other high-throughput 
applications. In the future, it will be possible to enhance the 
utility of the MedCene database by building links between 
genes and other MeSH terms as well as other biological 
processes and concepts, such as cell division and responses to 
small molecules. 

Acknowledgment We would like to thank P. Braun, L 
Garraway. J. Pearlberg, and other members of our institute for 
helpful discussion. Many thanks to the NLM (National Library 
of Medidne) for licensing of MEDLINE and the annotation 
effort of adding MeSH indexes for MEDLINE abstracts. This 
work was funded by grants from the Breast Cancer Research 
Foundation and an NHLB1 PGA Grant (Vol HL66582-02), 

Supporting Information Available: Twenty-three 
human disease category headings along with all of their child 
terms selected from the 2002 MeSH index (Supplemental Table 
1); analysis of the causes of false negatives in MedCene 
(Supplemental Table); meaningful gene-disease relationships 
found in MedCene (Supplemental Table 3); causes for Incorrect 
assignment of gene indexes (Supplemental Table 4); a review . 
of the results, showing that the resulting disease dusters were 
Indeed logical (Supplemental Figure 1); and a review of the 
results showing that among the 505 previously unrelated genes, 
467 were either newly Identified genes or genes that had not 
previously been assodated with any disease (Supplemental 
Figure 2). This material is available free of charge via the 
Internet at http://pubs.acs.org and at the web sites mentioned 
in the text 

References 

(1) Baaslri. R A.; Classer. S. R: Steffen. D . L: Wheeler. D. A. Oncogene 
1999, IB. 7958— 796S. 

(2) Steffen. D. U Levlne. A. E.; Varus. 5.: Baasiri. R A.: Wheeler, D. 
A. BloinformaUcs20Q0 t IS. 639-649. 

(3) Marcotte. E. M.; Xenarios. I.; Elsenberg. D. Bioinformatics 2001, 
17. 359-363. 

(4) Ono. T.: MshlgaW, YU Tanigaml, A.: Takagl. T. BhlnTormatJa 
2001, 17. 155-161. 

(5) Jenssen, T. IC: Laegrold. A.: Komorowski. U Hovlg. E. Mat. Genet 
2001, 28. 21-28. 

(6) Chaussabel. D.; Sher. A Genome Bio}. 2002. X RESEARCH 0055. 

(7) Gibbons. F. Roth. F. P. Genome Res. 2002, 12. 1574-1581. 

(8) Pcrez-Iratxcta. C: Bark. P.: Andrade. M. A. Nat. Genet 2002. 31. 
316-319. 

(9) Funk. M. E.; Rcld. C. A. BulL Med. Llbr. Assoc. 1983. 71. 176- L83. 

(10) Humplirey.S.M.;MUler.N.E./Am.5«r.//i£5c/.1987,55L 184-196. 

(1 1) Maglott. D. R: Katt, K. S.; SIcotte. H.; Pruitt. IC D. Nucleic Acids 
Res. 2000, 28. 126-128. 

(12) PrtiiU. K. D.; Magkat. D. R Nucleic Acids Res. 2001. 29. 137-140. 

(13) Wadeilus. M.; Andeisson. A. O.; Johansson, J. E.; Wadcilus. C; 
Rane. E. Pharmacogenetics 1989. 9. 333-340. 

(14) Adam. R Kt; Borer, J. C; Williams. J.: Easthara. j. A.; Loughlln. 
K. R; Freeman. M. R Endocrinology 1999. 140. 5866-5875. 

(1 5) Montort. V. M.: Smleja. M.; Cuyatt. C. H. Mayo Clin. Proc. 2000. 
75. 1284-1288. 

(16) Dencnbcrg, V. H. Statistics Experimental Design for Behavioral 
and Biological Researcher* WHoy-Lbs: New York. 1976. 

(17) Rcbhan. M.; ClialuVCaspl, V.; Pritusky.J.: Lancet. D. Trends Genet. 
1997. 13. 163. 

(18) Balroch. A^ Apwcilcr. R Nucleic Acids Res. 2000. 28. 4S-4& 
PR0340227 



412 Journal of Proteome Research • Vol. 2. No. 4. 2003 



o o 

^ Electrophoresis 1998. /9, 1862- 1 V\ 

1862 p A Ha >' nes " Qi 



Review 

Paul A. Haynes 
Steven P. Gygi 
Daniel Figeys 
Ruedi Aebersold 

Department of Molecular 
Biotechnology, University of 
Washington, Seattle, WA, USA 



Proteome analysis: Biological assay or data archive? 

In this review we examine the current state of proteome analysis. IJere are 
three main issues discussed: why it is necessary to study proteomes; how pro- 
teomes can be analyzed with current technology; and how proteome analysis 
can be used to enhance biological research. We conclude that proteome anal- 
ysis is an essential tool in the understanding of regulated biological systems. 
Current technology, while still mostly limited to the more abundant proteins, 
enables the use of proteome analysis both to establish databases of proteins 
present, and to perform biological assays involving measurement of multiple 
variables. We believe that the utility of proteome analysis in future biologica 
research will continue to be enhanced by further improvements in analytical 
technology. 
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1 Introduction 

A proteome has been defined as the protein complement 
expressed by the genome of an organism, or, in multicel- 
lular organisms, as the protein complement expressed by a 
tissue or differentiated cell [lj. In the most common im- 
plementation of proteome analysis the proteins extracted 
from the cell or tissue analyzed are separated by high 
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resolution two-dimensional gel electrophoresis (2-DE), 
detected in the gel and identified by their amino acid 
sequence. The ease, sensitivity and speed with which get- 
separated proteins can be identified by the use of recently 
developed mass spectrometric techniques have dramati- 
cally increased the interest in proteome technology. One 
of the most attractive features of such analyses is that com- 
plex biological systems can potentially be studied in their 
entirety, rather than as a multitude of individual compo- 
nents. This makes it far easier to uncover the many com- 
plex and often obscure, relationships between mature 
gene products in cells. Large-scale proteome characteriza- 
tion projects have been undertaken for a number of dif- 
ferent organisms and cell types. Microbial proteome pro- 
jects currently in progress include, for example: Saccharo- 
myces cerevisiae [2], Salmonella enterica [3], Spiroplasma 
melliferum [4], Mycobacterium tuberculosis [5], Ochrobac- 
trum anthropi [6], Haemophilus influenzae [7], Synecho- 
cystis spp. 18], Escherichia coli [9], Rhizobium legumino- 
sarum [10], and Dictyostelium discoideum [11], Proteome 
projects underway for tissues, of more complex organ- 
isms include those for: human bladder squamous cell 
carcinomas [121, human liver [13], human plasma [13], 
human keratinocytes [12), human fibroblasts [12], mouse 
kidney [12], and rat serum [14]. In this manuscript we cri- 
tically assess the concept of proteome analysis and the 
technical feasibility of establishing complete proteome 
maps, and discuss ways in which proteome analysis and 
biological research intersect. 

2 Rationale for proteome analysis 

The dramatic growth in both the number of genome 
projects and the speed with which genome sequences 
are being determined has generated huge amounts of 
sequence information, for some species even complete 
genomic sequences ([15-171). The description of the 
state of a biological system by the quantitative measure- 
ment of system components has long been a primary 
objective in molecular biology. With recent technical 
advances including the development of differential dis- 
play-PCR [18], cDNA microarray and DNA chip techno- 
logy [19 201 and serial analysis of gene expression 
(SAGE) [21, 22], it is now feasible to establish global and 
quantitative mRNA expression maps of cells and tissues, 
in which the sequence of all the genes is known, at a 
speed and sensitivity which is not matched by current 
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protein analysis technology. Given the long-standing 
paradigm in biology that DNA synthesizes RNA which 
synthesizes protein, and the ability to rapidly establish 
global, quantitative mRNA expression maps, the ques- 
tions which arise are why technically complex proteome 
projects should be undertaken and what specific types of 
information could be expected from proteome projects 
which cannot be obtained from genomic and transcript 
profiling projects. We see three main reasons for pro- 
teome analysis to become an essential component in the 
comprehensive analysis of biological systems, (t) Protein 
expression levels are not predictable from the mRNA 
expression levels, (ii) proteins are dynamically modified 
and processed in ways which are not necessarily 
apparent from the gene sequence, and (iii) proteomes 
are dynamic and reflect the state of a biological system. 

2.1 Correlation between mRNA and protein expression 
levels 

Interpretations of quantitative mRNA expression profiles 
frequently implicitly or explicitly assume that for specific 
genes the transcript levels are indicative of the levels of 
protein expression. As part of an ongoing study in our 
laboratory, we have determined the correlation of expres- 
sion at the mRNA and protein levels for a population of 
selected genes in the yeast Saccharomyces cerevisiae 
growing at mid-log phase (S. R Gygi et a/., submitted for 
publication). mRNA expression levels were calculated 
from published SAGE frequency tables 1221. Protein 
expression levels were quantified by metabolic radiola- 
beling of the yeast proteins, liquid scintillation counting 
of the protein spots separated by high resolution 2-DE 
and mass spectrometry identification of the protein(s) 
migrating to each spot. The selected 80 samples consti- 
tute a relatively homogeneous group with respect to pre- 
dicted half-life and expression level of the protein pro- 
ducts. Thus far, we have found a general trend but no 
strong correlation between protein and transcript levels 
(Fig. 1). For some genes studied equivalent mRNA trans- 
cript levels translated into protein abundances which 
varied by more than 50-fold. Similarly, equivalent steady- 
state protein expression levels were maintained by trans- 
cript levels varying by as much as 40-fold (S. P. Gygi 
et al. y submitted). These results suggests that even for a 
population of genes predicted to be relatively homoge- 
neous with respect to protein half-life and gene expres- 
sion, the protein levels cannot be accurately predicted 
from the level of the corresponding mRNA transcript, 

2.2 Proteins are dynamically modified and processed 

In the mature, biologically active form many proteins are 
post-translationally modified by glycosylation, phosphor- 
ylation, prenylation, acylation, ubiquitination or one or 
more of many other modifications [23] and many pro- 
teins are only functional if specifically associated or com- 
piexed with other molecules, including DNA, RNA, pro- 
teins and organic and inorganic cofactors. Frequently, 
modifications are dynamic and reversible and may alter 
the precise three-dimensional structure and the state of 
activity of a protein. Collectively, the state of modifica- 
tion of the proteins which constitute a biological system 
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Figure /. Correlation between mRNA and protein levels in yeast cells. 
For a selected population of 80 genes, protein levels were measured 
by 35 -S-radiolabeling and mRNA levels were calculated from publi- 
shed SAGE tables. Inset: expanded view of the low abundance region. 
For more experimental details, also see Figs. 5 and 6, (S. P. Gygi et a/., 
submitted). 



are important indicators for the state of the system. The 
type of protein modification and the sites modified at a 
specific cellular state can usually not be determined 
from the gene sequence alone. 

2.3 Proteomes are dynamic and reflect the state of a 
biological system 

A single genome can give rise to many qualitatively and 
quantitatively different proteomes. Specific stages of the 
cell cycle and states of differentiation, responses to 
growth and nutrient conditions, temperature and stress, 
and pathological conditions represent cellular states 
which are characterized by significantly different pro- 
teomes. The proteome, in principle, also reflects events 
that are under translational and post-translational con- 
trol. It is therefore expected that proteomics will be able 
to provide the most precise and detailed molecular des- 
cription of the state of a cell or tissue, provided that the 
external conditions defining the state are carefully deter- 
mined. In answer to the question of whether the study 
of proteomes is necessary for the analysis of biornolec- 
ular systems, it is evident that the analysis of mature pro- 
tein products in cells is essential as there are numerous 
levels of control of protein synthesis, degradation, 
processing and modification, which are only apparent by 
direct protein analysis. 



3 Description and assessment of current proteome 
analysis technology 

3.1 Technical requirements of proteome technology 

In biological systems the level of expression as well as 
the states of modification, processing and macro-molec- 
ular association of proteins are controlled and modu- 
lated depending on the state of the system. Comprehen- 
sive analysis of the identity, quantity and state of modifi- 
cation of proteins therefore requires the detection and 
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quantitation of the proteins which constitute the system, 
and analysis of differentially processed forms. There are 
a number of inherent difficulties in protein analysts 
which complicate these tasks. First, proteins cannot be 
amplified. It is possible to produce large amounts of a 
particular protein by over-expression in specific cell sys- 
tems. However, since many proteins are dynamically 
post-translationally modified, they cannot be easily am- 
plified in the form in which they finally function in the 
biological system. It is frequently difficult to purify from 
the native source sufficient amounts of a protein for 
analysis. From a technological point of view this trans- 
lates into the need for high sensitivity analytical tech- 
niques. Second, many proteins are modified and pro- 
cessed post-translatipnally. Therefore, in addition to the 
protein identity, the structural basis for differentially 
modified isoforms also needs to be determined. The dis- 
tribution of a constant amount of protein over several 
differentially modified isoforms further reduces the 
amount of each species available for analysis. The com- 
plexity and dynamics of post-translational protein edit- 
ing thus significantly complicates proteome studies. 
Third, proteins vary dramatically with respect to their 
solubility in commonly used solvents. There are few, if 
any, solvent conditions in which all proteins are soluble 
and which are also compatible with protein analysis. This 
makes the development of protein purification methods 
particularly difficult since both protein purification and 
solubility have to be achieved under the same condi- 
tions. Detergents, in particular sodium dodecyl sulfate 
(SDS), are frequently added to aqueous solvents to 
maintain protein solubility. The compatibility with SDS 
is a big advantage of SDS polyacrylamide gel electro- 
phoresis (SDS-PAGE) over other protein separation 
techniques. Thus, SDS-PAGE and two-dimensional gel 
electrophoresis, which also uses SDS and other deter- 
gents, are the most general and preferred methods for 
the purification of small amounts of proteins, provided 
that activity does not necessarily need to be maintained. 
Lastly, the number of proteins in a given cell system is 
typically in the thousands. Any attempt to identify and 
categorize all of these must use methods which are as 
rapid as possible to allow completion of the project 
within a reasonable time frame. Therefore, a successful, 
general proteomics technology requires high sensitivity, 
high throughput, the ability to differentiate differentially 
modified proteins, and the ability to quantitatively dis- 
play and analyze all the proteins present in a sample. 

3.2 2-D electrophoresis — mass spectrometry: a common 
implementation of proteome analysis 

The most common currently used implementation of 
proteome analysis technology is based on the separation 
of proteins by two-dimensional (IEF/SDS-PAGE) gel 
electrophoresis and their subsequent identification and 
analysis by mass spectrometry (MS) or tandem mass 
spectrometry (MS/MS). In 2-DE, proteins are first separ- 
ated by isoelectric focusing (IEF) and then by SDS- 
PAGE, in the second, perpendicular dimension. Separ- 
ated proteins are visualized at high sensitivity by staining 
or autoradiography, producing two-dimensional arrays of 
proteins. 2-DE gels are, at present, the most commonly 
used means of global display of proteins in complex 
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samples. The separation of thousands of proteins has 
been achieved in a single gel [24, 25] and differentially 
modified proteins are frequently separated. Due to the 
compatibility of 2-DE with high concentrations of deter- 
gents, protein denaturants and other additives promoting 
protein solubility, the technique is widely used. 

The second step of this type of proteome analysis is the 
identification and analysis of separated proteins. Individ- 
ual proteins from polyacrylamide gels have traditionally 
been identified using /V-terminal sequencing [26, 27J, 
internal peptide sequencing [28, 29], immunoblotting or 
comigration with known proteins [30]. The recent dra- 
matic growth of large-scale genomic and expressed 
sequence tag (EST) sequence databases has resulted in a 
fundamental change in the way proteins are identified by 
their amino acid sequence. Rather than by the traditional 
methods described above, protein sequences are now fre- 
quently determined by correlating mass spectral or 
tandem mass spectral data of peptides derived from pro- 
teins, with the information contained in sequence data- 
bases [31-33]. 

There are a number of alternative approaches to pro- 
teome analysis currently under development. There is 
considerable interest in developing a proteome analysts 
stragegy which bypasses 2-DE altogether, because it is 
considered a relatively slow and tedious process, and 
because of perceived difficulties in extracting proteins 
from the gel matrix for analysis. However, 2-DE as a 
starting point for proteome analysis has many advan- 
tages compared to other techniques available today. The 
most significant strengths of the 2-DE-MS approach 
include the relatively uniform behavior of proteins in 
gels, the ability to quantify spots and the high resolution 
and simultaneous display of hundreds to thousands of 
proteins within a reasonable time frame. 

A schematic diagram of a typical procedure of the identi- 
fication of gel-separated proteins is shown in Fig. 2. Pro- 
tein spots detected in the gel are enzymatically or chemi- 
cally fragmented and the peptide fragments are isolated 
for analysis, as already indicated, most frequently by MS 
or MS/MS. There are numerous protocols for the gener- 
ation of peptide fragments from gel-separated proteins. 
They can be grouped into two categories, digestion in 
the gel slice [28, 34] or digestion after electrotransfer out 
of the gel onto a suitable membrane ([29, 35-37] and 
reviewed in [38]). In most instances either technique is 
applicable and yields good results. The analysis of MS or 
MS/MS data is an important step in the whole process 
because MS instruments can generate an enormous 
amount of information which cannot easily be managed 
manually. Recently, a number of groups have developed 
software systems dedicated to the use of peptide MS 
and MS/MS spectra for the identification of proteins. 
Proteins are identified by correlating the information 
contained in the MS spectra of protein digests or 
MS/MS spectra of individual peptides with data con- 
tained in DNA or protein sequence databases. 

The systems we are currently using in our laboratory are 
based on the separation of the peptides contained in pro- 
tein digests by narrow bore or capillary liquid chromatog- 
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Figure 2. Schematic diagram of a procedure for identification of gel- 
separated proteins. Peptides can either be separated by a technique 
such as IX or CE, or infused as a mixture and sorted in the MS. Data- 
base searching can either be performed on peptide masses from an 
MS spectrum, peptide fragment masses from CID spectra of peptides, 
or a combination of both. 



raphy [39, 40} or capillary electrophoresis [41], the anal- 
ysis of the separated peptides by electrospray ioniza- 
tion (ESI) MS/MS, and the correlation of the generated 
peptide spectra with sequence databases using the 
SEQUEST program developed at the University of Wash- 
ington [32, 33]. The system automatically performs the 
following operations: a particular peptide ion character- 
ized by its mass-to-charge ratio is selected in the MS out 
of all the peptide ions present in the system at a parti- 
cular time; the selected peptide ion is collided in a colli- 
sion cell with argon (collision-induced dissociation, 
CID) and the masses of the resulting fragment ions are 
determined in the second sector of the tandem MS; this 
experimentally determined CID spectrum is then corre- 
lated with the CID spectra predicted from all the pep- 
tides in a sequence database which have essentially the 
same mass as the peptide selected for CID; this correla- 
tion matches the isolated peptide with a sequence seg- 
ment in a database and thus identifies the protein from 
which the peptide was derived. There are a number of 
alternative programs which use peptide CID spectra for 
protein identification, but we use the SEQUEST system 
because it is currently the most highly automated pro- 
gram and has proven to be successful, versatile and 
robust. 



required. As an approximate guideline, for samples con- 
taining tens of picomoles of peptides, LC-MS/MS is 
most appropriate; for samples containing low picomole 
amounts to high femtomole amounts we use capillary 
LC-MS/MS; and for samples containing femtomoles or 
less, CE-MS/MS is the method of choice. 

3.3.1 LC-MS/MS 

The coupling of an MS to an HPLC system using a 
0.5 mm diameter or bigger reverse phase (RP) column 
has been described in detail [42]. This system has several 
advantages if a large number of samples are to be ana- 
lyzed and all are available in sufficient quantity. The 
LC-MS and database searching program can be run in a 
fully automated mode using an autosampler, thus maxi- 
mizing sample throughput and minimizing the need for 
operator interference. The relatively large column is 
tolerant of high levels of impurities from either gel prep- 
• aration or sample matrix. Lastly, if configured with a 
flow-splitter and micro-sprayer [40], analyses can be per- 
formed on a small fraction of the sample (less than 5%) 
while the remainder of the sample is recovered in very 
pure solvents. This latter feature is particularly useful 
when an orthogonal technique is also used to analyze 
peptide fractions, such as scintillation of an introduced 
radiolabel, and this data can be correlated with peptides 
identified by CID spectra. 

3.3.2 Capillary LC-MS 

An increase of sensitivity of approximately tenfold can be 
achieved by using a capillary LC system with a 100 urn ID 
column rather than a 0.5 mm ID column as referred to 
above. Since very low flow rates are required for such 
columns, most reports have used a precolumn flow split- 
ting system for producing solvent gradients. We have 
recently desribed the design and construction of a novel 
gradient mixing system which enables the formation 
of reproducible gradients at very low flow rates (low 
nL/min) without the need for flow splitting (A. Ducret 
et ai, submitted for publication). Using this capillary 
LC-MS/MS system we were able to identify gel-separat- 
ed proteins if low picomole to high femtomole amounts 
were loaded onto the gel [40]. This system is as yet not 
automated and, like all capillary LC systems, is prone to 
blockage of the columns by microparticulates when ana- 
lyzing gel-separated proteins. 



3.3 Protein identification by LC-MS/MS, capillary 
LC-MS/MS and CE-MS/MS 

It has been demonstrated repeatedly that MS has a very 
high intrinsic sensitivity. For the routine analysis of gel- 
separated proteins at high sensitivity, the most signif- 
icant challenge is the handling of small amounts of 
sample. The crux of the problem is the extraction and 
transferal of peptide mixtures generated by the digestion 
of low nanogram amounts of protein, from gels into the 
MS/MS system without significant loss of sample or 
introduction of unwanted contaminants. We employ 
three different systems for introducing gel-purified sam- 
ples into an MS, depending on the level of sensitivity 



3.3.3 CE-MS/MS 

The highest level of sensitivity for analyzing gel-sep- 
arated proteins can be achieved by using capillary elec- 
trophoresis - mass spectrometry (CE-MS). We have de- 
scribed in the past a solid-phase extraction capillary elec- 
trophoresis (SPE-CE) system which was used with triple 
quadrupole and ion trap ESl-MS/MS systems for the 
identification of proteins at the low femtomole to sub- 
femtomole sensitivity level [43, 44]. While this system is 
highly sensitive, its operation is labor-intensive and its 
operation has not been automated. In order to devise an 
analytical system with both the sensitivity of a CE and 
the level of automation of LC, we have constructed 
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Figure 3. Schematic illustration of a 
micro fabricated analytical system for CE, 
consisting of a micromachined device, 
coated capillary electroosmotic pump, 
and microelectrospray interface. The 
dimensions of the channels and reservoir 
are as indicated in the text. The channels 
on the device were graphically enhanced 
to make them more visible. Reproduced 
from {45}, with permission. 



microfabricated devices for the introduction of samples 
into ESI-MS for high-sensitivity peptide analysis. 

The basic device is a piece of glass into which channels 
of 10-30 urn in depth and 50-70 urn in diameter are 
etched by using photolithography/etching techniques 
similar to the ones used in the semiconductor industry. 
(A simple device is shown in Fig. 3). The channels are 
connected to an external high voltage power supply [45]. 
Samples are manipulated on the device and off the 
device to the MS by applying different potentials to the 
reservoirs. This creates a solvent flow by electroosmotic 
pumping which can be redirected by changing the posi- 
tion of the electrode. Therefore, without the need for 
valves or gates and without any external pumping, the 
flow can be redirected by simply switching the position 
of the electrodes on the device. The direction and rate of 
the flow can be modulated by the size and the polarity 
of the electric field applied and also by the charge state 
of the surface. 

The type of data generated by the system is illustrated in 
Fig. 4, which shows the mass spectrum of a peptide sample 
representing the tryptic digest of carbonic anhydrase at 
290 fmol/uL. Each numbered peak indicates a peptide suc- 
cessfully identified as being derived from carbonic an- 



hydrase. Some of the unassigned signals may be chemical 
or peptide contaminants. The MS is programmed to auto- 
matically select each peak and subject the peptide to CID. 
The resulting CID spectra are then used to identify the 
protein by correlation with sequence databases. Therefore, 
this system allows us to concurrently apply a number of 
protein digests onto the device, to sequentially mobilize 
the samples, to automatically generate CID spectra of 
selected peptide ions and to search sequence databases 
for protein identification. These steps are performed auto- 
matically without the need for user input and proteins can 
be identified at very low femtomole level sensitivity at a 
rate of approximately one protein per 15 min. 

3.4 Assessment of 2-DE-MS proteome technology 

Using a combination of the analytical techniques de- 
scribed above we have identified the 80 protein spots 
indicated in Fig. 5. The protein pattern was generated by 
separating a total of 40 microgram of protein contained 
in a total cell lysate of the yeast strain YPH499 by high 
resolution 2-DE and silver staining of the separated pro- 
teins. To estimate how far this type of proteome analysis 
can penetrate towards the identification of low abun- 
dance proteins, we have calculated the codon bias of the 
genes encoding the respective proteins. Codon bias is a 
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Figure 4. MS spectrum of a tryptic digest 
of carbonic anhydrase using the microfa- 
bricated system shown in Fig. 3. 290 
fmol/uL of carbonic anhydrase tryptic 
digest was infused into a Finnigan LCQ 
ion trap MS. Each peak was selected for 
CID, and those which were identified as 
containing peptides derived from car- 
bonic anhydrase are numbered. Repro- 
duced from 1451, with permission. 
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Figure 5. 2-DE separation of a lysate of yeast cells, with identified proteins highlighted. The first dimension of separation was an IPG from 
pH 3-10, and the second dimension was a 10%T SDS-PAGE gel. Proteins were visualized by silver staining. Further details of experimental 

procedures are included in S. P. Gygi ei at. (submitted). 



calculated measure of the degree of redundancy of trip- 
let DNA codons used to produce each amino acid in a 
particular gene sequence. It has been shown to be a 
useful indicator of the level of the protein product of a 
particular gene sequence present in a cell [46]. The gen- 
eral rule which applies is that the higher the value of the 
codon bias calculated for a gene, the more abundant the 
protein product of that gene becomes. The calculated 
codon bias values corresponding to the proteins identi- 
fied in Fig. 5 are shown in Fig. 6b. Nearly all of the pro- 
teins identified (> 95%) have codon bias values of > 0.2, 
indicating they are highly abundant in cells. In contrast, 
codon bias values calculated for the entire yeast genome 
(Fig. 6a) show that the majority of proteins present in 
the proteome have a codon bias of < 0.2 and are thus of 
low abundance. 

This finding is of considerable importance in our assess- 
ment of the current status of proteome analysis technol- 
ogy. It is clear that even using highly sensitive analytical 
techniques, we are only able to visualize and identify the 



more abundant proteins. Since many important regula- 
tory proteins are present only at low abundance, these 
would not be amenable to analysis using such tech- 
niques. This situation would be exacerbated in the anal- 
ysis of proteomes containing many more proteins than 
the approximately 6000 gene products present in yeast 
cells [16]. In the analysis of, for example, the proteome 
of any human cells, there are potentially 50000-100000 
gene products [47]. Inherent limitations on the amount 
of protein that can be loaded on 2-DE, and the number 
of components that can be resolved, indicate that only 
the most highly abundant fraction of the many gene 
products could be successfully analyzed. One approach 
that has been employed to circumvent these limitations 
is the use of very narrow range immobilized pH gradient 
strips for the first-dimension separation of 2-DE [48]. 
Since only those proteins which focus within the narrow 
range will enter the second dimension of separation, a 
much higher sample loading within the desired range is 
possible. This, in turn, can lead to the visualization and 
identification of less abundant proteins. 
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F/gure 6. Calculated codon bias values for yeast proteins. (A) Distribu- 
tion of calculated values for the entire yeast proteome. (B) Distribu- 
tion of calculated values for the subset of 80 identified proteins also 
shown in Figs. 1 and 5. Further details of experimental procedures are 
included in S. P. Gygi et ai (submitted). 



4 Utility of proteome analysis for biological 
research 

For the success of proteomics as a mainstream approach 
to the analysis of biological systems it is essential to 
define how proteome analysis and biological research 
projects intersect. Without a clear plan for the implemen- 
tation of proteome-type approaches into biological re- 
search projects the full impact of the technology can not 
be realized. The literature indicates that proteome anal- 
ysis is used both as a database/data archive, and as a bio- 
logical assay or biological research tool. 

4.1 The proteome as a database 

The use of proteomics as a database or data archive 
essentially entails an attempt to identify all the proteins 
in a cell or species and to annotate each protein with the 
known biological information that is relevant for each 
protein. The level of annotation can, of course, be exten- 
sive. The most common implementation of this idea is 
the separation of proteins by high resolution 2-DE, the 
identification of each detected protein spot and the 
annotation of the protein spots in a 2-DE gel database 
format. This approach is complicated by the fact that it is 
difficult to precisely define a proteome and to decide 
which proteome should be represented in the database. 
In contrast to the genome of a species, which is essen- 
tially static, the proteome is highly dynamic. Processes 
such as differentiation, cell activation and disease can all 
significantly change the proteome of a species. This is 
illustrated in Fig. 7. The figure shows two high-resolu- 



tion 2-DE maps of proteins isolated from rat serum. 
Fig. 7A is from the serum of normal rats, while Fig. 7B 
is from the serum of rats in acute-phase serum after 
prior treatment with an inflammation-causing agent [49]. 
It is obvious that the protein patterns are significantly 
different in several areas, raising the question of exactly 
which proteome is being described. 

Therefore, a comprehensive proteome database of a spe- 
cies or cell type needs to contain all of the parameters 
which describe the state and the type of the cells from 
which the proteins were extracted as well as the software 
tools to search the database with queries which reflect 
the dynamics of biological systems. A comprehensive 
proteome database should be capable of quantitatively 
describing the fate of each protein if specific systems 
and pathways are activated in the cell. Specifically, the 
quantity, the degree of modification, the subcellular loca- 
tion and the nature of molecules specifically interacting 
with a protein as well as the rate of change of these 
variables should be described. Using these admittedly 
stringent criteria, there is currently no comlete proteome 
database. A number of such databases are, however, in 
the process of being constructed. The most advanced 
among them, in our opinion, are the yeast protein data- 
base YPD [50] (accessible at http://www.ypd.com) and 
the human 2D-PAGE databases of the Danish Centre 
for Human Genome Research [12] (accessible at http:// 
biobase.dk/cgi-bin/celis). While neither can be con- 
sidered complete as not all of the potential gene pro- 
ducts are identified, both contain extensive annotation 
of supplemental information for many of the spots 
which are positively identified in reference samples. 

4.2 The proteome as a biological assay 

The use of proteome analysis as a biological assay or 
research tool represents an alternative approach to inte- 
grating biology with proteomics. To investigate the state 
of a system, samples are subjected to a specific proceess 
that allows the quantitative or qualitative measurement 
of some of the variables which describe the system. In 
typical biochemical assays one variable (e.g., enzyme 
activity) of a single component (e.g., a particular en- 
zyme) is measured. Using proteomics as an assay, mul- 
tiple variables (e.g., expression level, rate of synthesis, 
phosphorylation state, etc.) are measured concurrently 
on many (ideally all) of the proteins in a sample. The 
use of proteomics as an assay is a less far-reaching prop- 
osition than the construction of a comprehensive pro- 
teome database. It does, however, represent a pragmatic 
approach which can be adapted to investigate specific 
systems and pathways, as long as the interpretation of 
the results takes into account that with current technol- 
ogy not all of the variables which describe the system 
can be observed (see Section 3.4). 

A common implementation of proteome analysis as a 
biological assay is when a 2-DE protein pattern gener- 
ated from the analysis of an experimental sample is 
compared to an array of reference patterns representing 
different states of the system under investigation. The 
state of the experimental system at the time the sample 
was generated is therefore determined by the quantita- 
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live comparative analysis of hundreds to a few thousand 
proteins. Comparative analysis of the 2-DE patterns fur- 
thermore highlights quantitative and qualitative differ- 
ences in the protein profiles which correlate with the 
state of the system. For this type of analysis it is not 
essential that all the proteins are identified or even visu- 



alized, although the results become more informative as 
more proteins are compared. It is obvious, however, that 
the possibility to identify any protein deemed character- 
istic for a particular state dramatically enhances this 
approach by opening up new avenues for experimenta- 
tion. 




Figure 7. High resolution 2-DE map of proteins isolated from rat serum with or without prior exposure to an inflam- 
mation-causing agent. (A) normal rat serum, (B) acute-phase serum from rats which had previously been exposed to 
an inflammation-causing agent. The first dimension of separation is an IPG from pH 4-10, and the second dimen- 
sion is a 7.5-1 7. 5%T gradient SDS-PAGE gel. Proteins were visualized by staining with amido black. Further details 
of experimental procedures are included in (14, 49]. 




Proteome analysis as a biological assay has been success- 
fully used in the field of toxicology, to characterize 
disease states or to study differential activation of cells. 
The approach is limited, of course, by the fact that only 
the visible protein spots are included in the assay, and it 
is well known that a substantial but far from complete 
fraction of cellular proteins are detected if a total cell 
lysate is separated by 2-DE. Proteins may not be 
detected in 2-DE gels because they are not abundant 
enough to be visualized by the detection method used, 
because they do not migrate within the boundaries (size, 
p/) resolved by the gel, because they are not soluble 
under the conditions used, or for other reasons. 

A different way to use proteome analysis as a biological 
assay to define the state of a biological system is to take 
advantage of the wealth of information contained in 
2-DE protein patterns. 2-DE is referred to as two-dimen- 
sional because of the electrophoretic mobility and the 
isoelectric points which define the position of each pro- 
tein in a 2-DE pattern. In addition to the two dimen- 
sions used to generate the protein patterns, a number of 
additional data dimensions are contained in the protein 
patterns. Some of these dimensions such as protein 
expression level, phosphorylation state, subcellular loca- 
tion, association with other proteins, rate of synthesis or 
degradation indicate the activity state of a protein or a 
biological system. Comparative analysis of 2-DE protein 
patterns representing different states is therefore ideally 
suited for the detection, identification and analysis of 
suitable markers. Once again it must be emphasized that 
in this type of experiment only a fraction of the cellular 
proteins is analyzed. Since many regulatory proteins are 
of low abundance, this limitation is a concern, particu- 
larly in cases in which regulatory pathways are being 
investigated. 

5 Concluding remarks 

In this report we have addressed three main issues 
related to proteome analysis. First, we have discussed 
the rationale for studying proteomes. Second, we have 
assessed the technical feasibility of analyzing proteomes 
and described current proteome technology, and third, 
we have analyzed the utility of proteome analysis for bio- 
logical research. It is apparent that proteome analysis is 
an essential tool in the analysis of biological systems. 
The multi-level control of protein synthesis and degrada- 
tion in cells means that only the direct analysis of 
mature protein products can reveal their correct identi- 
ties, their relevant state of modification and/or associa- 
tion and their amounts. Recently developed methods 
have enabled the identification of proteins at ever- 
increasing sensitivity levels and at a high level of auto- 
mation of the analytical processes. A number of tech- 
nical challenges, however, remain. While it is currently 
possible to identify essentially any protein spots that can 
be visualized by common staining methods, it is ap- 
parent that without prior enrichment only a relatively 
small and highly selected population of long-lived, 
highly expressed proteins is observed. There are many 
more proteins in a given cell which are not visualized by 
such methods. Frequently it is the low abundance pro- 
teins that execute key regulatory functions. 
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We have outlined the two principal ways proteome anal- 
ysis is currently being used to intersect with biological 
research projects: the proteome as a database or data 
archive and proteome analysis as a biological assay. Both 
approaches have in common that at present they are con- 
ceptually and technically limited. Current proteome data- 
bases typically are limited to one cell type and one state 
of a cell and therefore do not account for the dynamics 
of biological systems. The use of proteome analysis as a 
biological assay can provide a wealth of information, but 
it is limited to the proteins detected and is therefore not 
truly proteome-wide. These limitations in proteomics are 
to a large extent a reflection of the fact that proteins in 
their fully processed form cannot easily be amplified and 
are therefore difficult to isolate in amounts sufficient for 
analysis or experimentation. The fact that to date no 
complete proteome has been described further attests to 
these difficulties. With continued rapid progress in pro- 
tein analysis technology, however, we anticipate that the 
goal of complete proteome analysis will eventually 
become attainable. 
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Discordant Protein and mRNA Expression in 
Lung Adenocarcinomas* 

Guoan Chen*, Tarek Q. Qhqrib*, Chiang-Ching Huang§, Jeremy M. G. Taylor§, 
David E. MIsekD, Sharon L R„ Kardia|| f Thomas J* Giordano**, Mark D. lannettonlfc 
Mark B. Orrf nger*, Samlr M. HanashU, and David G. Beer* 



The relationship between gene expression measured at 
the mRNA level and the corresponding protein level Is not 
well characterized In human cancer. In this study, we 
compared mRNA and protein expression for a cohort of 
genes In the same lung adenocarcinomas. The abun- 
dance of 165 protein spots representing 98 Individual 
genes was analyzed In 76 lung adenocarcinomas and nine 
non-neoplastic lung tissues using two-dimensional poly- 
acrylamlde gel electrophoresis. Specific polypeptides 
were Identified using matrix-assisted laser desorptfonY 
Ionization mass spectrometry. For the same 85 samples, 
mRNA levels were determined using oligonucleotide ml- 
croarrays, allowing a comparative analysis of mRNA and 
protein expression among the 165 protein spots. Twenty- 
eight of the 165 protein spots (17%) or 21 of 98 genes 
(21.4%) had a statistically significant correlation between 
protein and mRNA expression (r > 0.2445; p < 0.05); 
however, among all 165 proteins the correlation coeffi- 
cient values (r) ranged from -0.467 to 0442. Correlation 
coefficient values were not related to protein abundance. 
Further, no significant correlation between mRNA and 
protein expression was found (r » -0.025) If the average 
levels of mRNA or protein among all samples were applied 
across the 165 protein spots (98 genes). The mRNA/ 
protein correlation coefficient also varied among pro- 
teins with multiple Isoforms, indicating potentially sep- 
arate Isoform-speclflc mechanisms for the regulation of 
protein abundance. Among the 21 genes with a signifi- 
cant correlation between mRNA and protein, five genes 
differed significantly between stage I and stage III lung 
adenocarcinomas. Using a quantitative analysis of mRNA 
and protein expression within the same lung adenocarci- 
nomas, we showed that only a subset of the proteins 
exhibited a significant correlation with mRNA abundance. 
Molecular & Cellular Proteomios 1:304-313, 2002. 



Lung cancer Is the leading cause of cancer death for both 
men and women In the United States. Adenocarcinomas of 
the lung comprise -40% of all new cases of non-small cell 
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lung cancer and are now the most common histologic type. 
Functional genomics, broadly defined as the comprehensive 
analysis of genes and their products, have become a recent 
focus of the life sciences (1). Application of these approaches to 
lung adenocarcinomas has the potential to aid in the Identifica- 
tion of high risk patients with resectable early stage lung cancer 
that may benefit from adjuvant therapy, as well as to Identify 
new therapeutic targela In human hing cancer, however, little Is 
currently understood regarding the relationshfa between gene 
expression as determined by measuring mRNA levels and the 
corresponding abundance of the protein products. 

A number of powerful techniques for analysis of gene ex- 
pression have been used Including differential display (2), 
serial analysis of gene expression (3), DNA mlcroarrays (4), 
and proteomlcs via two-dimensional polyacrylamide gel elec- 
trophoresis and mass spectrometry (5). Blclnfbrmatlcs tools 
have also been developed to help determine quantitative 
mRNA/proteln expression profiles of aB types of cells and 
tissues (6) and now can be appBed to benign and malignant 
tumors. DNA mlcroarrays (cDNA arid oligonucleotide) permit 
the parallel assessment of thousands of genes and have been 
utlHzed In gene expression monitoring (7), polymorphism anal- 
ysis (8), and DNA sequencing (9), Recent studies have fo- 
cused on classification or Identification of subgroups of lung 
tumors using DNA mlcroarrays (10, 11). The use of mRNA 
expression patterns by themselves, however, is insufficient for 
understanding the expression of protein products, as addi- 
tional post-transcriptlonal mechanisms, Including protein 
translation, post-translations! modification, and degradation, 
may Influence the level of a protein present in a given cell or 
tissue. Proteomlc analyses, a complementary technology to 
DNA mlcroarrays for monitoring gene expression, Involves 
protein separation and quantitative assessment of protein 
spots using 2D 1 -PAGE and protein Identification using mass 
spectrometry. By combining proteomlc and transcriptional 
analyses of the same samples, however, It maybe possible to 
understand the complex mechanisms Influencing protein ex- 
pression In human cancer. 

In this study, we determined mRNA and protein levels for 
165 proteins (98 genes) In 76 lung adenocarcinomas and nine 



1 The abbreviations used are: 2D, two-dimensional; MALDI-MS, 
matrix-assisted laser desorptlon/lonlzatlon mass spectrometry. 
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Table I 

Correlation coefficients of protein and mRNA where only one spot was present on 2D gels 
r*. correlation coefficient value > 0.2445; p < 0.05, Values In boldface are significant at p < 0.05. 

Protein name 



opvv 


uniyene 


Gene name 


f 


" 1104 


Hs.184510 


SFN 


04337 


0994 


Hs.77840 


ANXA4 


04219 


1314 


Hs.10958 


DJ-1 


0.3982 


1454 


Ha.75428 


S0D1 


0*3863 


1638 


He.227751 


LGALS1 


0.3318 


0264 


Hs.129548 


HNRPK 


0,3034 


1405 


Hs.1 11334 


FTL* 


0.2849 


0963 


Hs.300711 


ANXA5 


0.2468 


1262 
0906 


Hs.4745 


PSMC 


0.2446 


Hs.234489 


LDHB 


0 4420 


1171 


H8.241615 


00X11 




'1160 


Hs.181013 


PGAM1 


0 2093 


0759 


H8.74635 


OLD 


0.1965 


1193 


Hs.83383 


AOE372 


0 1S3? 


0172 


Ks.3069 


MSPAQ.R 


Ui 10 fZ 


0777 


Hs.979 


PDHB 


u.iooo 


1249 


Hs.226795 


GSTP1 


ft '177Q 
Will 


1685 


Ha 76136 


TXN 


ft 


1205 


Hs 82314 


nrn i i 


ft H KQQ 


1230 


Hs 279B60 


TPT1 
in i 




0603 


Hs. 181357 




ft 


1358 


Hs.28914 


AD OX 
nrn i 


ft i'iOQ 


1410 


Hs 82113 


m it 


Q.1Z13 


1825 


He 112378 


UlVtO I 


A 10-14 


0871 


He 250502 


WW 


ft -MOO 


0289 


Hs 82916 


WV I On 


ft 

U, 1 tUO 


11.48 


Hs,11465 




ft ft£&7 


1456 


Hs.1 18638 




ft ftOAO 


1598 


Hs.278503 


RIG 


ft ftOft£ 


1354 


Hs.89761 


A7P5D 


ft no Ax 


1445 


Hs.1 55485 


HIP2 


ft ftAAA 


1479 


Hs 177486 


APP 


ft (VfAtK 


0608 


Hs.1 82265 


KRT19 

rVO 119 




1071 


Hs.10842 


RAN 


ft 0277 


0991 


He.?979$9 


CTSB 




0842 


He.77274 


PLAU 


0.0248 


0823 


H$,198248 


B4QALT1 


0.0183 


0613 


He.1247 


AP0A4 


0.0176 


1338 


Hs.104143 


CLTA 


0 0123 


0902 


Hs.5123 


$108-306 


0.0117 


1688 


Hs.1473 


GRP 


-0.0040 


0265 


Hs.274402 


HSPA1B 


-0.0071 


1414 


Ha.77641 


ARF5 


-0.0096 


0710 


Hs.97206 


HIP1 


-0.0114 


0532 


He.170328 


MSN 


-0.0132 


0525 


Hs.284255 


ALPP 


-0.0148 


0513 


Hs.76901 


PDIR 


-0.0289 


1659 


Ha.256697 


HINT 


-0.0312 


1262 


Ha.7016 


RAB7 


-0.0362 


0180 


Hs,184411 


ALB 


-0.0470 


0948 


Hs,2795 


LDHA 


-0.0549 


0502 


Hs.180532 


GPI 


-0.0575 


0152 


H8.75410 


HSPA5 


-0.0640 


1054 


Hs.74276 


CUC1 


-0.0686 


0709 


Hs.253495 


SFTPD 


-0.0936 


0867 


Hs.78998 


PCNA 


-0.0982 


0165 


H8.160414 


HSPA8 


-0.1014 


1109 


Hs.75103 


YWHAZ 


-0.1018 


0137 


Hs.554 


SSA2 


-0,1032 



14-3-3 <r 

AnnexinlV 

DJ-1 prote!n/MERS 

Superoxide dlsmutase (Cu-Zn) 

Galeotin 1 

Transformation up-regulated nuclear protein 
Ferritin light chain 
Annexln V 

26 8 proteaeome p26 

LHactate dehydrogenase H chain (LDH-B) 

00X11 

Phosphogryoemte mutase 
Dlhydrollpoamlde dehydrogenase precursor 
Antioxidant enzyme AOE372 
GRP76 

Pymvate dehydrogenase E1-p subunft precursor 
Glutathione S-tmnsferase pi (GST-pi) 
Thlorsdoxfn 

HQ phospforibosyitransterase 
Translatlonalty controlled tumor protein (TC7P) 
LAMR 

Adenine phosphoribosyl transferase 
dUTP pyrophosphatase (dUTPass) 
Pinch-2 protein 

Carbonic anhydrase-related protein; Syntaxln 
ChaperonlrHike protein 

Glutathione S-transferase homolog (GST hbmolog) 
Nm23 (NDPKA) 
RHG (U32331) 

FR)-type ATP synthase aubunlt d 
Huntlngtln Interacting protein 2 (HIP2) 
Amyloid B4A 
Cytokeratln 19 

GTP-blndlng nudear protein RAN{TC4) 
Cathepsto B 

Urokinase plasminogen activator 

p 1 ,4*galacto$yl transferase . 

Apclipoproteln A4 (ApoA4) 

Clathrin Oght chain A 

CytosoUc inorganic pyrophosphatase 

Preprodastrtn^eteaelng peptide 

Heat shock-fftduced protein 

ADP-Hbosylation factor 1 

Huntlngtln fnteractlng protefn 1 (HIP1) 

Moeeln/E 

Alkaline phosphate, placental 

Protein disulfide Isomerase-related protein 5 

Protein kinase C Inhibitor 

Rab 7 protein 

Albumin 

Lactate dehydrogenase-A (LDHA) 



GRP78 

Nuclear chloride channel (RNCC protein) 
Pulmonary surfactant protein D 
PCNA 

Heat shock cognate protein, 71 kDa 
14-3-3 (ft 
Ro/s$-A antigen 
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Table h-continued 


sm 


Unlgene 


Gen© name 


r* 


Protein name 


0278 
1769 
0089 
2511 
1?39 
1138 
2533 


Hs,4112 

Hs,9614 

Hs.74335 

Hs.163179 

Hs.16488 

Hs.301981 

Hs.77060 


TCP1 

NPM1 

H8PCB 

FABP5 

CALR 

QSTM4 

PSMB6 


-0.1237 
-0,1738 
-0.2049 
. -0^109 
-0.2344 
-0.2438 
-0.2512 


T-complex protein I, « subunlt 

B23/numatrln 

Hsp90 

E-FABP/FABP5 
Calrettcufln 32 

Glutathione S-transferase M4 (QST m4) 
Macropaln subunlt A 



norvneoplastic lung tissues. Protein levels were determined 
using quantitative 2D-PAQE analysis, and the separated pro- 
tein polypeptides were tdentHled using matrix-assisted laser' 
desorptlori/Ionlzatlon mass spectrometry (MALDI-MS). The 
corresponding mRNA levels for the Identified proteins within 
the same samples were determined using oligonucleotide 
mlcroarrays. Correlation analyses showed that protein abun- 
dance Is likely a reflection of the transcription for a subset of 
proteins, but translation and post-translatlonal modifications 
also appear to influence the expression levels of many Indi- 
vidual proteins In lung adenocarcinomas. 

EXPERMENTAL PROCEDURES 
7fcsues-Flfty-5even stage I and 19 stage III lung adenocarcino- 
mas, as wen as nine non-neopJastlo lung tissue samples, were used 
for protein and mRNA analyses. Patient consent was obtained, and 
the project was approved by the Institutional Review Board All tis- 
sues were obtained after resection at the University of Michigan 
Hearth System between May 1991 end July 1998. Tissues were ail 
snap-frozen In liquid nitrogen and then stored at -80 °C. The patients 
Included 46 females and 30 males ranging In age from 40.9 to 84 6 
(average 63.8) years. Most patients (6^76) demonstrated a positive 
smoking history. Sixty-one tumor samples .were classified as bron- 
chial-derived, 14 were classified as bronchoaJveolar, and one had 
both features. Eighteen tumor samples were classified as wefl differ- 
entiated, 38 were classified as moderate, and 19 were classified as 



sections (5 firi), prepared from the same tumor pieces to be utilized 
for protein and mRNA Isolation, were evaluated by a pathologist and 
compared with hematoxylin- and eosln-stalned sections made from 
paraffin blocks of the same tumors. Specimens were excluded from 
analysis If they showed unclear or mixed histology (e.g. adenosqua- 
mous), tumor ceBidaffly less than 70%, potential metastatic origin as 
Indicated by previous tumor history, extensive lymphocytic Inflltmtlon, 
or fibrosis or If the patient had received prior osmotherapy or 
radiotherapy. 7 

Oligonucleotide Army Hybridization -The HuGeneFL oligonucleo- 
tide arrays (Aftymetrix, Santa Clam, CA) containing B800 genes were 
used In this study. Total RNA was Isolated from all samples using 
Trizol reagent flrivitrogen). The resulting RNA was then subjected to 
further purification using RNeasy spin columns (Qfagen). Preparation 
of cRNA, hybridization, and scanning of the HuGeneFL arrays were 
performed according to the manufacturer's protocol (Afrymetrfx, 
Santa Clara, CA), Data analysis was performed using GeneChfp 4.0 
software. The gene expression profile of each tumor was normalized 
to the median gene expression profile for the entire sample. Details of 
data trimming and normalization are described elsewhere (1 1). 

2D-PAQE and Quantitative Protein Anajy 5 /s-Tlssue for both pro- 
tein and mRNA Isolation came from contiguous areas of each sample 
Protein separation using 2D-PAGE, silver staining, and digitization 



were performed as described previously (12, 13). Our2D-PAQE sys- 
tem allows us to run 20 gels at one time (one batch). Spot detection 
and quantiftoatlon were awwrnpflshed utilizing Bio Image Visage Sys- 
tem software (Blolmage Corp., Ann Arbor, M». The Integrated Intel 
sfty of each spot was calculated as the measured optical density 
units x mm* Of the total possible 2000 spots detectable on each gel 
820 spots on the gel of each sample were matched using a GeJ-ed 
match program with the same spots on a chosen -master gel In 
each sample, 260 ubiquitously expressed reference spots were used 
to adjust for variations between gels, such as that created by subtle 
differences In protein loading or gel staining. Slight differences be- 
cause of batch were corrected after spot-size quantification. 

Ma3$Spe<^rometryand2D Western BtoWng-Prepersfae 2D pels 
were run using extracts from A549 hing adenocarcinoma cells (ob- 
tained from ATCC) and using the Identical experimental conditions as 
the analytical 2D gels, except 30% more protein was loaded. The 
resolved protein gels were ellver-stalned using successive Incuba- 
tions In 0.02% sodium thloaulfate for 2 mJn, 0.1% silver nitrate for 40 
m n, and 0.014% formaldehyde plus 2% sodium carbonate for 10 
At ^^ p 7? h WentHlcatlon, proteln.polypeptlde3 underwent trypsin 
digestion followed by MALDI-MS using a MALDI-TOF VoyasertDE 
mass spectrometer (Perseptlve Blosystems, Framlngham, MA). The 

IT^Z^ ^T** WWl ^ databaWuslng 
***** ^"bHV ^ California, San Franclscol 

K!^ff!^ U ^^^^^^ htm >* So™ of the polypep- 
tides Included in the analysis had been Identified prior to this s^cVon 
the basis of sequencing (14). The identified protein spots used In this 
paper are shown In Fig. 1A The method for 2D-PAGE Western blot 
^oatton i was as described previously (1 5), The 2D Western blots of 
™! ^tS piB m 8h0Wn ln R 9< 1 » ft the others, such as 
a^aT1\ HSP ^ m> K™ 8 ' 

ApoJ. 14-4-3, Annexln 1, Annexln II, PGP9.5, DM, GST-pi, and 
PGAM, are described elsewhere, 2 

Stetetfca/ AnaJysb-M\sslw values were replaced with the mean 
value of the protein spot The transform x -> log (1 + x) was appDed 
to normalize afl protein expression values. The relationship between 
protein and mRNA expression levels within the same samples was 
exmnlned using the Spearman correlation coefficient analysis (16). to 
Identify potentially significant correlations between gene and protein 
expression, we used an analytical strategy similar to SAM (slonjfl- 
cance analysis of mtcmarrays) (17), which uses a permutation tech- 
nique to determine the significance of changes In gene expression 
between different blologloal states. To obtain permuted correlation 
coefficients between gene and protein expression, genes were ex- 
changed first In such a way that permutated correlation coefficient 

^u 0 ! 0 ^^ based on DS6ud0 Wb* * 9«nes and proteins. The 
distribution of permutated correlation coefficients becamestable after 
60 permutations, This procedure was then repeated 60 times to 
obtain 60 sets of permutated correlation coefficients. For each of the 
60 permutations, the correlations of genes and proteins were ranked 

} Chen ef a/., submitted for publication. ~^ 
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r\ correlation 



spot 



Table II 

Correlation coefficients of protein and mRNA where multiple isoforms were present on 2D gels 
coefficient value > 0,2445; p < 0.05, Values In boldface are significant at p < O.05. 



UnJgene 



Gene name 



1494 
0957 
03S3 



1198 
1203 
0523 
1492 
1493 
1181 
0439 
0505 
0593 
1874 
0935 
2524 
2324 
1192 
0360 
0992 
0861 
0853 
2603 
0381 
0371 
1179 
0762 
0760 
2506 
0772 
0723 
1239 
1237 
1234 
0428 
0427 
0424 
0863 
0780 
1527 
1484 
1728 
1712 
0947 
1232 
1229 
1595 
1810 
1459 
1458 
0619 
0615 
1250 
0549 
0338 
0333 
0331 
2381 
0536 



Hs.81915 

He.77899 

Hs389101 

Hs.169476 

H3.41707 

Hs.83848 

H$.65114 

He.81916 

Ha.81916 

Hs.78225 

Hs.242463 

Hs.297763 

Hs.297753 

Hs.75313 

Hs.75544 

Ha.78225 

Hs.65114 

Hs.41707 

Hs£89101 

He.75313 

Hs.75313 

He.75313 

Hs.76392 

Hs.76392 

H8.76302 

Hs.78225 

Hs.78225 

Hs.78225 

He.217493 

Hs.217493. 

He.217493 

He.83194 

Hs.93194 

Hs.93194 

Hs.26 

Hs.25 

Hs.25 

Hs.76106 

Hs.75106 

Hs.119140 

He.1 19140 

He.5241* 

He.5241 

Hs.169476 

Hs.75207 

Hs.75207 

Hs.158300 

Hs.75990 

Hs.75990 

Hs.75990 

Hs.75990 

Hs.75990 

H$,41707 

Hs.79037 

Hs.79037 

Hs.79037 

HsJ9037 

Hs.65114 

Hs.65114 



LAP18 

TPM1 

GKP58 

QAPD 

HSPB3 

TPI1 

KRT18 

LAP18 

LAP18 

ANXA1 

KRT8 

VIM 

VIM 

AKR1B1 

YWHAH 

ANXA1 

KKF18 

HSPB3 

QRP68 

AKR1B1 

AKR1B1 

AKR1B1 

ALDH1 

ALDH1 

ALDH1 

ANXA1 

ANXA1 

ANXA1 

ANXA2 

ANXA2 

ANXA2 

APOA1 

APOA1 

APOA1 

ATP5B 

ATP5B 

ATP5B 

CLU 

CLU 

E1F5A 

EIF5A 

FABP1 

FABP1 

QAPD 

GL01 

GLOI 

HAP1 

HP 

HP 

HP 

HP 

HP 

HSPB3 
HSP01 
HSP01 
HSPD1 
HSPD1 
KRT18 
KRT18 



Protein name 



0.4003 
■ 0.3930 
0.3802 
0.3693 
0.3668 
0.3395 
0.3335 
0.3234 
0.3164 
0.3102 
0.3049 
O2039 
0.2809 
0.2790 
0.2775 
0.2612 
0.2601 
0.2558 
0.2516 
-0.2460 
0.0761 
-0.0675 
-0.0565 
-0.0371 
-0.0680 
0.2052 
-0.0739 
-0.0228 
0.2223 
' 0.2080 
0.0701 
0.1133 
-0.0373 
-0.0894 
0.0080 
0.0122 
-0.0992 
-0.0483 
-0,0443 
-0.0726 
-0.0376 
-0/1916 
-0.0473 
0.1745 
0.2249 
0.0450 
-0.0137 
-0.4672 
0.0802 
-0.0305 
0.0481 
-0.0034 
-0.1024 
0.1074 
0.2265 
0.1383 
0.1603 
0.2016 
0.1106 



OP18($tathmln) ^ ~~ ~ 

Tropomyosins 1-6 

Protease disulfide Isomerase (GRP58) 
Glyceraldehyde-3-phosphate dehydrogenase 
Hsp27 

Trfose phosphate Isomerase (TPI) 

Cytokerat/n 18 

OP18(Stathmfn) 

OP18(8tathmJn) 

Annexln variant l 

Cytokeratln 8 

Vlmentln 

Vlmentln 

Aldose reductase 
14-3-3 t, 
Annexln I 
Cytokeratln 18 
Hsp27 

Phosphollpase C (GRP68) 
Aldose reductase 
Aldose reductase 
Aldose reductase • 
Aldehyde dehydrogenase 
Aldehyde dehydrogenase 
Aldehyde dehydrogenase 
Annexln variant I 
Annexln I 
Annexln I 

Upocotln (annexln II) 
Upocotln (annexln II) 
Upocotln 

Apollpoproteln A1 (ApoA1) 

Afcoflpoproteln A1 (ApcAl) 

ApoOpoprotetn A1 (fipoM) 

ATP synthase p subunit precursor 

ATP synthase fi subunit precursor 

ATP synthase p subunit precursor 

Apollpoproteln J (Apoj) 

Apollpoproteln J (ApoJ) 

efi=-5A 

elF-5A 

L-FABP 

L-FABP 

G!yceta!dehyde~3-phosphate dehydrogenase 

Qlyoxalase-l 

GryoxaJase-1 

Huntlngtln-assoclated protein 1 (neuroan 1) 

cr-Haptoglobln 

a-HaptogloWn 

a-Haptogtobfn 

B-haptogtobln 

B-haptogJobln 

Hsp27 

Hsp60 

Hepeo 

HspOO 
Hsp60 

Cytokeratln 18 
Cytokeratln 18 
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Table \\— continued. 

Correlation coefficients of protein and mRNA where multiple Isoforms were present on 2D gels 
f , correlation coefficient value > 0.2446; p < 0,05. Values In bo ldface are significant at p < 0.05, 

Protein name 



Spot 


Unlgene 


Gene name 


r* 


0529 


He.65114 


KRT18 


0*1279 


0528 


H$.65114 


KRT18 


00414 

V»V*t 1 *t 


0527 


H 8.651 14 


KRT18 


U,V)*tvO 


0514 


He.65114 


KRT18 


00713 

v.VIVv 


0461 


HS.242463 


i\r\ i v 


— nam 

V.V III 


0446 


Hs.242463 


KHT8 


nn^A7 


0444 


Hs.242483 


f\n io 


_A 404 4 


0443 


Ha 242463 


«\n i o 


A AA4Q 
U4O942 


1488 


Ha 61915 


io 




0321 


Ha 7fi6fifi 




a a eta 

- 0.0546 


0320 


Ha 75655 


DitUD 


-0.0041 


1063 


no,/ uo^o 


DUD 


0.0441 


0837 


Hr 7fi'W3 


DUD 

rno 


0.1402 


0326 


Wft 2>Q7fcft1 


ScnPINAi 


-0.0227 


0322 


na.c9( op i 


obHrlNAj 


-0.0277 


0241 




CBDDIMA4 


-0.0148 






Ann a<4 

SFTPA1 


-0.1488 


1278 




nrrn a h 

5FTPA1 


-0.2040 


vDW 


ne./<jyou 


TNNT1 


0.1162 


0778 


Ua TQnon 


IN Nil 


0.0740 




n3«ooo4o 


TP11 


0.0024 




Hs*83848 


TPI1 


0.0490 


ion? 


MS.ooo4o 


TPI1 


-0.1616 


1204 




Trll 


0.0209 




LI a o^n /fo- 
ri 3*o%»4o 


*l'|j|4 

TP 11 


0.0721 
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Cytokerattn 18 
Cytokeratm 16 
Cytokerattn 18 
Cytokeratln 18 
Cytokeratln 8 
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Cytokeratln 6 
Cytokeratln 8 
0P18 (Stathmln) 
PDI(proty-4-OH-B) 
PDI(proly-4-OH-B) 
ProhlbWn 
Prohfbltln 
«-1-Antltrtp*ln 
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Pulmonary aurfectant-aesoctated protein 
Pulmonary surfactant-associated protein 
Troponin T 
Troponin T 

Triose phosphate teomerase (TP I) . 
Triose phosphate leomeraee (TPI) 
Triose phosphate Isomerase (TPI) 
Triose phosphate Isomemse (TPI) 
Trtose phosphate Isomerase (TPI) 
Triose phosphate Isomerase (TPI) 
Tropomysln dean-product 
CytoskeletaJ tropomyosin 
Tropomyosin 
Tropomyosins 1-5 
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Transthyretin mufflmere . 

UblquWn carooxyi-termlnal hydrolase Isozyme L1 
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Vlmentfn 

VTmentln-dertved protein (v!d4) 
Vlmemtin-derived protein (vld2) 
Vimentfn-dertved protein (vldlj 
14-3-3 7i 



such that pj) denotes the /th largest correlation coefficient for pth 
permutation. Hence, the expected correlation coefficient* p^fo, was the 
average over the 60 permutations, Psffl = S*l , P P WM> A scatter plot of 
observed correlations (pflj) vetws the expected corrolatkms is shown h 
Fig. 20. For this study, we chose threshold A « 0.1 1 6 so that correlation 
would be considered significant H absolute value of difference between 
pWandpett was greater than the threshold. Twenty-nine (Including one 
. with observed correlation coefficient -0.4672) of 1 65 palm of gene and 
protein expression were called significant in such criteria, and the 
permuted data generated an average of 5.1 falsely significant pairs of 
gene and protein expresskm. This provided an estimated false dis- 
covery rate (the percentage of pairs of gene and protein expression 
Identified by chance) for our data set. 

RESULTS 

Correlation of Individual Proteins and mRNA Expression 
within Each Tumor-We have examined quantitatively 165 



protein spots on 20 gets representing 98 genes and com- 
pared protein levels with mRNA levels for a cohort of 85 lung 
adenocarcinomas and normal lung samples. Of the 165 pro- 
tein spots, 69 proteins were represented by only one known 
spot on 2D gels for an Individual gene, whereas 96 protein 
spots showed .multiple protein products from 29 different 
genes. 2D Western blotting verified the proteins Identified by 
mass spectrometry when specific antibodies were available. 
Spearman correlation coefficients of the proteins and their 
associated mRNA for each protein spot were generated using 
all 76 lung adenocarcinomas and .nine non-neoptastfc lung 
tissues (see Tables I and II, and see Rgs. 1 and 2). The 
correlation coefficients (r) ranged from -0.467 to 0.442 (Fig. 
2D). A total of 28 protein spots (21 genes) were found to have 
a statistically significant correlation between expression of 
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1. A digital Image of a'sBver-etalned 2D-PAGE separation of a stage i tung adenocarcinoma showing protein soots seoamted bv 
SSh JHL"E^^ P«*e!n spoteToseZ^on levels am ^ 

ported by the Wa^awws, 0, the 'outlined areas of A showing protein GRP68. C, 2D Western blot of <W58 torn the >AS4Q\Zt 
adenocarcinoma cell line, ft the outlined areas of A showing the prrfeln isoforms of Op18. E..2D WtaM Hal tfQplfl m£i J^^sT 



their protein and mRNA (r > 0.2445; p < 0.05). This accounts 
for 17% (28/165) of the 165 protein spots. Among the 69 
genes for which only a single protein spot was known (Table 
I), nine genes (9/69, 13%) were observed to show a statisti- 
cally significant relationship between protein and mRNA 
abundance (r > 0.2445; p < 0.05). The proteins whose ex- . 
presslon levels were correlated with their mRNA abundance 
Included those involved In signal transduction, carbohydrate 
metabolism, apoptosls, protein post-translatlonal modifica- 
tion, structural proteins, and. heat shock proteins (Table 111). 

Individual Isoforms of the Same Protein Have Different 
Protein/mRNA Correlation Coefficients— Of the 165 protein 
spots, 96 represent protein products of 29 genes with at least 
two Isoforms. Among these 96 protein spots, 19 (19/96 pro- 
tein spots, 20%) showed a statistically significant correlation 
between their protein and mRNA expression (r > 0.2445; p < 
0.05} (Table II) and represented 12 genes (12/29, 41 %), Individ- 
ual Isoforms of the same protein demonstrated different 
proteiiVrnRNA correlation coefficients. For example, 2D-PAGE' 
Western analysis revealed four Isoforms of OP16 differing In 
regards to Isoelectric point but similar In molecular weight. 
Three of the four Isoforms (spots 1492, 1493, and 1494) showed 
a statistically significant correlation between their protein and 
mRNA abundance (r - 0.3234, 0.3154, and 0,4003, respective- 
ly). The fortti isoform (spot 1488) showed no correlation be- 



tween protein and mRNA expression (r - 0,0495). Similarly, Just 
one of five quantified Isoforms of cytokeratln 8 (spot 439) dem- 
onstrated a statistically significant correlation between protein 
and mRNA abundance (r ^ 0.3049; p < 0.05) (Table II). 

In addition to differences In the relationship between mRNA 
levels and protein expression among separate Isoforms, some 
genes with very comparable mRNA levels showed a 24-fo!d 
difference In their protein expression. Genes with comparable 
protein expression levels also showed up to a 28-fold vari- 
ance h their. mRNA levels. 

Lack of Correlation for mRNA and Protein Expression when 
Using Average Tumor Values across Ail 165 Protein Spots (98 
GenasJ-The relationship between mRNA and protein expres- 
sion was also examined by using the average expression 
values for all samples. To analyze tills relationship using this 
approach, the average value for each protein or mRNA was 
generated using all 85 lung tissue samples. The range of ' 
normalized average protein values ranged from -0.0646 to 
0.0979 (raw value 0,0036 to 4.1947), and the range for mRNA 
was from 0 to 15260.5 for all 165 Individual protein spots. The 
Spearman correlation coefficient for the whole data set (165 
protein spots/98 genes) was -0.025 (Fig. 3/4). Even for the 28 
protein spots (Fig. 2D) that were found to have a statistically 
significant correlation between their mRNA and protein, use of 
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the average value resulted In a correlation coefficient vaJue of 
-0.035, which was not significant (Rg. 36). 

Uck of a Relationship between Proteln/mRNA Correlation 
Coefficients and Average Protein Abundance-To determine" 
whether an absolute protein level might Influence the corre- 
lation with mRNA, the mean value of each protein (relative 
abundance) and the Spearman proteln/mRNA correlation co- 
efficients among all 85 samples were examined. No relation- 
ship between the protein abundance and the correlation co- 
efficients was observed (r = 0.039; p > 0.05). A detailed 
analysis of separate subsets of proteins with differing levels of 
abundance (less than -0.0014, larger than -0.0014, or larger 
than 0.0077) also showed a lack of correlation between mRNA 
and protein expression among the 83 (50 %), 82 (50%), and 41 
(25%) of 165 total protein spots, respectively (r = 0.016, 0.08, 
and 0.172, respectively). 

Stage-related Changes In the Proteln/mRNA Correlation 
Coefflctenfs-To determine whether the 21 genes (28 protein 
spots) showing a significant correlation between the protein 
and mRNA expression among all samples demonstrate 
changes In this relationship during tumor progression, the 
correlations were examined separately for stage I (n = 57) and 



stage 111 (n = 19) lung adenocarcinomas (Table III). The num- 
ber of nonneoplastic lung samples (n = 9) was Insufficient for 
a separate correlation analysis of this group. Many of the ' 
protein spots represent one of several known protein Isoforms 
for a given gene- The majority of genes (16721) did not differ In 
the proteln/mRNA correlation between stage I and stage ill 
tumors Indicating a similar regulatory relationship between the 
mRNA and protein spot GRP-58, PSMC, SODj, TPij, and 
VIM, however, were found to demonstrate significant differ- 
ences In the correlation coefficients between stage I and 
stage III lung adenocarcinomas. For GRP-58, PSMC, and VIM 
the change In the correlation coefficient was because of a 
relative Increase In protein expression In stage III tumors. For 
SOD and TP! the change resulted from a relative decrease In 
expression of this specfflc protein In stage III tumors. 

DISCUSSION 

Relatively little is known about the regulatory mechanisms 
controlling the complex patterns of protein abundance and 
post-translational modification In tumors. Most reports con- 
cerning the regulation of protein translation have focused on 
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TAfiLE 111 

Stage-dependant analysis of proteln-mRNA comlation coefficients 
r, correlation coefficient, Values In boldface indicate a significant difference between stage I and stage Hi. 
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one or several protein products (18). Cells et a!, (19) found a 
good correlation between transcript and protein levels among 
40 well resolved, abundant proteins using a proteomlc and 
rnlcraarray study of bladder cancer. By comparing the mRNA 
and protein expression levels within the same tumor samples, 
we found that 17% (28/165) of the protein spots (21/98 genes) 
show a statistically significant correlation between mRNA and 
protein. These proteins appear to represent a diverse group of 
gene products and Include those Involved In signal transduc- 
tion, carbohydrate metabottsm, protein modification, cell struc- 
ture, heat shock, and apoptosls. These results suggest that 
expression of this subset of 165 proteins Is likely to be regulated 
at the transcriptional level in these tissues. The majority of the 
protein isoforms, however, did not con-elate with mRNA levels, 
and thus their expression is regulated by other mechanisms. We 
also observed a subset of proteins that demonstrated a nega- 
tive correlation with the mRNA expression values; for example 
a-haptoglobfn demonstrated a strong negative correlation with 
Its mRNA expression value?. This may reflect negative feedback 
on the mRNA or the protein or the presence of other regulatory 
Influences that are not understood currently. 

Post-translatlohal modification or processing will result In 
individual protein products, of the same gene migrating to 
different locations on 2D-PAQE gels (20). Because the identity 
of all possible Isoforms for each protein examined has not 
been characterized completely, this may Influence the corre- 
lation analyses performed In this study. This Is partly because 
of limitations of the 2&-PAGE and mass spectrometry tech- 
nologies (21, 22). Potential Inconsistencies between mRNA 
and protein correlations that have been reported may also be 
because of differences, even In the same gene, in the mech- 
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arisms of protein translation among, different cells or as 
measured In different laboratories (23). 

In this study, we examined 166 protein spots identified in 
lung adenocarcinomas. Ninety-six protein spots, representing 
the products of 29 genes, contained at least two protein 
isoforms. Nineteen of 96 protein spots, representing 12 
genes, were shown to have a statistically significant correla- 
tion between their protein and mRNA expression, suggesting 
that the levels of these proteins reflects the transcription of the 
corresponding genes. Differences In protelrVmRNA correlations 
were found among the individual Isoforms of a given protein. For 
example, of the four OP1 8 Isoforms, three showed a statistically 
significant correlation between the protein and mRNA expres- 
sion levels. The lack of relationship for the one Isoform, how- 
ever, indicates that Individual protein Isoforms of the same gene 
product can be regulated differentially. This is not unexpected 
and fikely reflects other post-translatlonal mechanisms that can 
Influence isoform abundance In tissues and cancer. 

In addition to the analyses of the correlation of mRNA/ 
protein within the same tumor samples, we also tested the 
global relationship between mRNA and the corresponding 
protein abundance across alM65 protein spots In the lung 
samples. A protein and mRNA average value for each gene 
was generated using all 85 lung tissues samples. We ob- 
served a very wide range of normalized average protein and 
mRNA values. The correlation coefficient generated using this 
average value data set was -0.025, and even for the 28 
protein spots that showed a statistically significant correlation 
between Individual mRNA and proteins, the correlation value 
was only -0.035. This suggests that It Is not possible to 
predict overall protein expression levels based on average 
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Ra& The overall correlation of 
mRNA and protein levels across all 
165 protein spots (A) and across 28 
protein spots that contained Individ- 
ual r values larger than 0*244 (8) are 
shown. Each protein or mRNA mean 
value was calculated based on aQ 76 
lung adenocarcinomas and nine non- 
neoplastic lung samples using quantita- 
tive 2D -PAGE and Affymetrlx oligonu- 
cleotide mlctoarrays. The Spearman 
correlation coefficients for the two data 
sets (fl and flj were - 0,025 and -0.035, 
respectively* IncficatJng a lack of correla- 
tion If mean values for mRNA and protein 
for all samples bused 
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mRNA abundance In lung cancer samples. This conclusion Is 
also supported by previous results from Anderson and Sell- 
hamer (24), who examined 1 9 genes In human liver cells, and 
by Qygl et a/. (25), who examined 106 genes In yeast Both 
studies found a lack of correlation between mRNA and protein 
expression when average or overall levels were used. 

•A good correlation was reported when the 11 most abun- 
dant proteins were examined In yeast (25), suggesting that the 
level of protein abundance may be a factor that may Influence 
the correlation between mRNA and protein. In the present 
study, a falrty wide range of mean protein values among 165 
protein spots in lung adenocarcinomas was observed, and 
the correlation coefficients also vailed from -0.467 to 0.442. 



A comparison between the mean value of each protein and 
the correlation coefficient generated using all 85 tissue sam- 
ples did not reveal a strong relationship between the overall 
protein abundance and the correlation coefficients (r = 0.039; 
p > 0.05). Detailed analysis of different subsets of protein abun- 
dance also felled to show a correlation between mRNA and 
protein expression. Thus In contrast to yeast, a relationship 
between mRNA/ferotein correlation coefficient and protein 
abundance In human lung adenocarcinomas was not observed 
The results of this study Indicate that the level of protein 
abundance In lung adenocarcinomas Is associated with the 
corresponding levels of mRNA In 17% (28 proteins) of the 
total 165 protein spots examined. This was substantially 
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higher than the amount predicted to result by chance alone 
(which was 5.1) and suggests that a transcriptional mecha- 
nism fikely underlies the abundance of these proteins In lung 
adenocarcinomas. We also demonstrate that the expression 
of Individual Isoforms of the same protein may or may not 
correlate with the mRNA, Indicating that separate and likely 
posMranslatlonal mechanisms account for the regulation of 
isoform abundance. These mechanisms may also account for 
the differences In the correlation coefficients observed between 
stage I and stage III tumors. Indicating that specific protein 
isoforms show regulatory changes during tumor progression. 
Further studies In lung adenocarcinomas will examine the tela- ' 
ttenshlp between the expression of Individual protein Isoforms 
and specific clinical-pathological features of these tumors, such 
as the presence of anglofymphaUc Invasion, and nodal or pleu- 
ral surface Involvement The potential to Identify specific protein 
Isoforms associated with biological behavior In lung adenocar- 
cinomas would be of considerable interest and will add to our 
understanding of the regulation of gene products by transcrip- 
tional, translaHonal, and post-translational mechanisms. 
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We have determined the relationship between mRNA and protein expression levels for selected genes 
expressed in the yeast Saccharomyces cerevisiae growing at mid-log phase. The proteins contained in total yeast 
cell lysate were separated by high-resolution two-dimensional (2D) gel electrophoresis. Over 150 protein spots 
were excised and identified by capillary liquid chromatography-tandem mass spectrometry (LC-MS/MS). 
Protein spots were quantified by metabolic labeling and scintillation counting. Corresponding mRNA levels 
were calculated from serial analysis of gene expression (SAGE) frequency tables (V. E. Velculescu, L. Zhang, 
W. Zhou, J. Vogelstein, M. A. Basrai, D. E. Bassett, Jr., P. Hieter, B. Vogelstein, and K. W. Kinzler, Cell 
88:243-251, 1997). We found that the correlation between mRNA and protein levels was insufficient to predict 
protein expression levels from quantitative mRNA data. Indeed, for some genes, while the mRNA levels were 
of the same value the protein levels varied by more than 20-fold. Conversely, invariant steady-state levels of 
certain proteins were observed with respective mRNA transcript levels that varied by as much as 30-fold. 
Another interesting observation is that codon bias is not a predictor of either protein or mRNA levels. Our 
results clearly delineate the technical boundaries of current approaches for quantitative analysis of protein 
expression and reveal that simple deduction from mRNA transcript analysis is insufficient 



The description of the state of a biological system by the 
quantitative measurement of the system constituents is an es- 
sential but largely unexplored area of biology. With recent 
technical advances including the development of differential 
display-PCR (21), of cDNA microarray and DNA chip tech- 
nology (20, 27), and of serial analysis of gene expression 
(SAGE) (34, 35), it is now feasible to establish global and 
quantitative mRNA expression profiles of cells and tissues in 
species for which the sequence of all the genes is known. 
However, there is emerging evidence which suggests that 
mRNA expression patterns are necessary but are by them- 
selves insufficient for the quantitative description of biological 
systems. This evidence includes discoveries of posttranscrip- 
tional mechanisms controlling the protein translation rate (15), 
the half-lives of specific proteins or rnRNAs (33), and the 
intracellular location and molecular association of the protein 
products of expressed genes (32). 

Proteome analysis, defined as the analysis of the protein 
complement expressed by a genome (26), has been suggested 
as an approach to the quantitative description of the state of a 
biological system by the quantitative analysis of protein expres- 
sion profiles (36). Proteome analysis is conceptually attractive 
because of its potential to determine properties of biological 
systems that are not apparent by DNA or mRNA sequence 
analysis alone. Such properties include the quantity of protein 
expression, the subcellular location, the state of modification, 
and the association with ligands, as well as the rate of change 
with time of such properties. In contrast to the genomes of a 
number of microorganisms (for a review, see reference 11) and 
the transcriptome of Saccharomyces cerevisiae (35), which have 
been entirely determined, no proteome map has been com- 
pleted to date. 

The most common implementation of proteome analysis is 
the combination of two-dimensional gel electrophoresis (2DE) 
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(isoelectric focusing-sodium dodecyl sulfate [SDS]-polyacryl- 
amide gel electrophoresis) for the separation and quantitation 
of proteins with analytical methods for their identification. 
2DE permits the separation, visualization, and quantitation of 
thousands of proteins reproducibly on a single gel (18, 24). By 
itself, 2DE is strictly a descriptive technique. The combination 
of 2DE with protein analytical techniques has added the pos- 
sibility of establishing the identities of separated proteins (1, 2) 
and thus, in combination with quantitative mRNA analysis, of 
correlating quantitative protein and mRNA expression mea- 
surements of selected genes. 

The recent introduction of mass spectrometric protein anal- 
ysis techniques has dramatically enhanced the throughput and 
sensitivity of protein identification to a level which now permits 
the large-scale analysis of proteins separated by 2DE. The 
techniques have reached a level of sensitivity that permits the 
identification of essentially any protein that is detectable in the 
gels by conventional protein staining (9, 29). Current protein 
analytical technology is based on the mass spectrometric gen- 
eration of peptide fragment patterns that are idiotypic for the 
sequence of a protein. Protein identity is established by corre- 
lating such fragment patterns with sequence databases (10, 22, 
37). Sophisticated computer software (8) has automated the 
entire process such that proteins are routinely identified with 
no human interpretation of peptide fragment patterns. 

In this study, we have analyzed the mRNA and protein levels 
of a group of genes expressed in exponentially growing cells of 
the yeast S. cerevisiae. Protein expression levels were quantified 
by metabolic labeling of the yeast proteins to a steady state, 
followed by 2DE and liquid scintillation counting of the se- 
lected, separated protein species. Separated proteins were 
identified by in-gel tryptic digestion of spots with subsequent 
analysis by microspray liquid chromatography-tandem mass 
spectrometry (LC-MS/MS) and sequence database searching. 
The corresponding mRNA transcript levels were calculated 
from SAGE frequency tables (35). 

This study, for the first time, explores a quantitative com- 
parison of mRNA transcript and protein expression levels for 
a relatively large number of genes expressed in the same met- 
abolic state. The resultant correlation is insufficient for predic- 
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FIG. 1. Schematic illustration of proteome analysis by 2DE and mass spectrometry. In part I, proteins are separated by 2DE, stained spots are excised and subjected 
to in-gel digestion with trypsin, and the resulting peptides are separated by on-line capillary high-performance liquid chromatography. In part II, a peptide is shown 
eluting from the column in part I. The peptide is ionized by electrospray ionization and enters the mass spectrometer. The mass of the ionized peptide is detected, and 
the first quadrupole mass filter allows only the specific mass-to-charge ratio of the selected peptide ion to pass into the collision cell. In the collision cell, the energized, 
ionized peptides collide with neutral argon gas molecules. Fragmentation of the peptide is essentially random but occurs mainly at the peptide bonds, resulting in smaller 
peptides of differing lengths (masses). These peptide fragments are detected as a tandem mass (MS/MS) spectrum in the third quadrupole mass filter where two ion 
series are recorded simultaneously, one each from sequencing inward from the N and C termini of the peptide, respectively. In part III, the MS/MS spectrum from the 
selected, ionized peptide is compared to predicted tandem mass spectra computer generated from a sequence database. Provided that the peptide sequence exists in 
the database, the peptide and, by association, the protein from which the peptide was derived can be identified. Unambiguous protein identification is attained in a single 
analysis because multiple peptides are identified as being derived from the same protein. 



tion of protein levels from mRNA transcript levels. We have 
also compared the relative amounts of protein and mRNA 
with the respective codon bias values for the corresponding 
genes. This comparison indicates that codon bias by itself is 
insufficient to accurately predict either the mRNA or the pro- 
tein expression levels of a gene. In addition, the results dem- 
onstrate that only highly expressed proteins are detectable by 
2DE separation of total cell lysates and that therefore the 
construction of complete proteome maps with current technol- 
ogy will be very challenging, irrespective of the type of organ- 
ism. 

MATERIALS AND METHODS 

Yeast strain and growth conditions. The source of protein and message tran- 
scripts for all experiments was YPH499 (MATa ura3-52 fys2-801 ade2-101 
Ieu2-M his3-&200 trpl-^63) (30). Logarithmically growing cells were obtained by 
growing yeast cells to early log phase (3 X 10 6 cells/ml) in YPD rich medium 
(YPD supplemented with 6 mM uracil, 4.8 mM adenine, and 24 mM tryptophan) 
at 30°C (35). Metabolic labeling of protein was accomplished in YPD medium 



exactly as described elsewhere (4) with the exception that 1 ml of cells was 
labeled with 3 mCi to offset methionine present in YPD medium. Protein was 
harvested as described by Garrels and coworkers (12). Harvested protein was 
lyophilized, resuspended in isoelectric focusing gel rehydration solution, and 
stored at -80°C. 

2DE. Soluble proteins were run in the first dimension by using a commercial 
flatbed electrophoresis system (Multiphor II; Pharmacia Biotech). Immobilized 
polyacrylamide gel (IPG) dry strips with nonlinear pH 3.0 to 10.0 gradients 
(Amersham-Pharmacia Biotech) were used for the first-dimension separation. 
Forty micrograms of protein from whole-cell lysates was mixed with IPG strip 
rehydration buffer (8 M urea, 2% Nonidet P-40, 10 mM dithiothreitol), and 250 
to 380 uJ of solution was added to individual lanes of an IPG strip rehydration 
tray (Amersham-Pharmacia Biotech). The strips were allowed to rehydrate at 
room temperature for 1 h. The samples were run at 300 V-10 mA-5 W for 2 h, 
then ramped to 3,500 V-10 mA-5 W over a period of 3 h, and then kept at 3,500 
V-10 mA-5 W for 15 to 19 h. At the end of the first-dimension run (60 to 70 kV • 
h), the IPG strips were reequilibrated for 8 min in 2% (wt/vol) dithiothreitol in 
2% (wt/vol) SDS-6 M urea-30% (wt/vol) grycerol-0.05 M Tris HC1 (pH 6.8) and 
for 4 min in 2.5% iodoacetamide in 2% (wt/vol) SDS-6 M urea-30% (wt/vol) 
glycerol-0.05 M Tris HQ (pH 6.8). Following reequilibration, the strips were 
transferred and apposed to 10% polyacrylamide second-dimension gels. Poly- 
acrylamide gels were poured in a casting stand with 10% acrylamide-2.67% 
piperazine diacrylamide-0.375 M Tris base-HQ (pH 8.8)-0.1% (wt/vol) SDS-0.05% 
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FIG. 2. 2D silver-stained gel of the proteins in yeast total cell lysate. Proteins were separated in the first dimension (horizontal) by isoelectric focusing and then in 
the second dimension (vertical) by molecular weight sieving. Protein spots (156) were chosen to include the entire range of molecular weights, isoelectric focusing points, 
and staining intensities. Spots were excised, and the corresponding protein was identified by mass spectrometry and database searching. The spots are labeled on the 
gel and correspond to the data presented in Table 1. Molecular weights are given in thousands. 



(wt/vol) ammonium persulfate-O.05% TEMED (Ar^'^'-tetramethylethyl- 
enediamine) in Milli-Q water. The apparatus used to run second-dimension gels 
was a noncommercial apparatus from Oxford Glycosciences, Inc. Once the IPG 
strips were apposed to the second-dimension gels, they were immediately run at 
50 mA (constant)-500 V-85 W for 20 min, followed by 200 mA (constant)-500 
V-85 W until the buffer front line was 10 to 15 mm from the bottom of the gel. 
Gels were removed and silver stained according to the procedure of Shevchenko 
et al. (29). 

Protein identification. Gels were exposed to X-ray film overnight, and then the 
silver staining and film were used to excise 156 spots of varying intensities, 
molecular weights, and isoelectric focusing points. In order to increase the 
detection limit by mass spectrometry, spots were cut out and pooled from up to 
four identical cold, silver-stained gels. In-gel tryptic digests of pooled spots were 
performed as described previously (29). Tryptic peptides were analyzed by mi- 
crocapillary LC-MS with automated switching to MS/MS mode for peptide 
fragmentation. Spectra were searched against the composite OWL protein se- 
quence database (version 30.2; 250,514 protein sequences) (24a) by using the 
computer program Sequest (8), which matches theoretical and acquired tandem 
mass spectra. A protein match was determined by comparing the number of 
peptides identified and their respective cross-correlation scores. All protein 
identifications were verified by comparison with theoretical molecular weights 
and isoelectric points. 



mRNA quantitation. Velculescu and coworkers have previously generated 
frequency tables for yeast mRNA transcripts from the same strain grown under 
the same stated conditions as described herein (35). The SAGE technology is 
based on two main principles. First, a short sequence tag (15 bp) that contains 
sufficient information uniquely to identify a transcript is generated. A single tag 
is usually generated from each mRNA transcript in the cell which corresponds to 
15 bp at the 3' -most cutting site for MiIII. Second, many transcript tags can be 
concatenated into a single molecule and then sequenced, revealing the identity of 
multiple tags simultaneously. Over 20,000 transcripts were sequenced from yeast 
strain YPH499 growing at mid-log phase on glucose. Assuming the previously 
derived estimate of 15,000 mRNA molecules per cell (16), this would represent 
a 1.3-fold coverage even for mRNA molecules present at a single copy per cell 
and would provide a 72% probability of detecting such transcripts. Computer 
software which took for input the gene detected, examined the nucleotide se- 
quence, and performed the calculation as described by Velculescu and coworkers 
(35) was written. In practice, we found that for 21 of 128 (16%) genes examined 
viable mRNA levels from SAGE data could not be calculated. This was because 
(i) no CATG site was found in the open reading frame (ORF), (ii) a CATG site 
was found but the corresponding 10-bp putative SAGE tag was not found in the 
frequency tables, or (iii) identical putative SAGE tags were present for multiple 
genes (e.g., TDH2 YEAST and TDH3_ YEAST). 
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TABLE 1. Expressed genes identified from 2D gel in Fig. 2 TABLE I— Continued 
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Mol wt 


pi 


Spot no. 


name" 


Protein 

ahiinHancc 

aUUIJUoJlWv 

(10 3 copies/ 
cell) 


mRNA 

abundance 
(copies/cell) 


Cod on 

bias 


17,259 


6.75 


133 


CPR1 


15.2 


6L7 


0.769 


18,702 


4.80 


83 


EGD2 


20.1 


5.2 


0.724 


18,726 


4.44 


147 


YKL056C 


61.2 


88.4 


0.831 


18,978 


5.95 


135 


YER067W 


3.7 


6.7 


0.118 


19,108 


5.04 


130 


YLR109W 


94.4 


9.7 


0.680 


19,681 


9.08 


136 


ATP7 


11.0 


NA^ 


0.246 


20,505 


6.07 


111 


GUK1 


16.5 


3.7 


0.422 


21,444 


5.25 


148 


SARI 


5.4 


10.4 


0.455 


21,583 


4.98 


95 


TSA1 


110.6 


40.1 


0.845 


22,602 


4.30 


80 


EFB1 


66.1 


23.8 


0.875 


23,079 


6.29 


112 


SOD2 


12.6 


2.2 


0.351 


23,743 


5.44 


137 


HSP26 


NA d 


0.7 


0.434 


24,033 


5.97 


96 


ADK1 


17.4 


16.4 


0.656 


24,058 


4.43 


143 


YKL117W 


29.2 


10.4 


0.339 


24,353 


6.30 


140 


TFS1 


8.1 


0.7 


0.146 


24,662 


5.85 


99 


URA5 


25.4 


6.0 


0.359 


24,808 


6.33 


97 


GSP1 


26.3 


5.2 


0.735 


24,908 


8.73 


122 


RPS5 


18.6 


NA C 


0.899 


25,081 


4.65 


81 


MRP8 


9.3 


NA C 


0.241 


25,960 


6.06 


116 


RPE1 


5.8 


0.7 


0.372 


26,378 


9.55 


127 


RPS3 


96.8 


NA C 


0.863 


26,467 


5.18 


100 


VMA4 


10.5 


3.7 


0.427 


26,661 


5.84 


98 


TPI1 


NA rf 


NA C 


0.900 


27,156 


5.56 


93 


PRE8 


6.9 


0.7 


0.129 


27,334 


6.13 


115 


YHR049W 


18.4 


2.2 


0.520 


27,472 


5.33 


92 


YNL010W 


31.6 


3.7 


0.421 


27,480 


8.95 


123 


GPM1 


10.0 


169.4 


0.902 


27,480 


8.95 


124 


GPM1 


231.4 


169.4 


0.902 


27,480 


8.95 


125 


GPM1 


7.5 


169.4 


0.902 


27,809 


5.97 


139 


HOR2 


5.7 


0.7 


0.381 


27,874 


4.46 


78 


YST1 


13.6 


52.8 


0.805 


28,595 


4.51 


41 


PUP2 


4.4 


0.7 


0.147 


29,156 


6.59 


114 


YMR226C 


14.5 


2.2 


0.283 


29,244 


8.40 


120 


DPMI 


5.0 


11.2 


0.362 


29,443 


5.91 


48 


PRE4 


3.4 


3.7 


0.162 


30,012 


6.39 


138 


PRB1 


21.2 


1.5 


0.449 


30,073 


4.63 


77 


BMH1 


14.7 


28.2 


0.454 


30,296 


7.94 


121 


OMP2 


67.4 


41.6 


0.499 


30,435 


6.34 


89 


GPP1 


70.2 


11.2 


0.703 


31,332 


5.57 


88 


ILV6 


13.9 


3.0 


0.402 


32,159 


5.46 


113 


IPP1 


63.1 


3.7 


0.752 


32,263 


6.00 


149 


HIS1 


22.4 


4.5 


0.232 


33,311 


5.35 


84 


SPE3 


15.1 


6.7 


0.468 


34,465 


5.60 


129 


ADE1 


8.7 


5.2 


0.305 


34,762 


5.32 


85 


SEC14 


10.9 


6.0 


0.373 


34,797 


5.85 


. 42 


URA1 


49.5 


8.9 


0.237 


34,799 


6.04 


90 


BEL1 


103.2 


81.0 


0.875 


35,556 


5.97 


43 


YDL124W 


6.4 


4.5 


0.206 


35,619 


8.41 


59 


TDH1 


69.8 


32.7" 


0.940 


35,650 


5.49 


68 


CAR1 


5.2 


3.0 


0.339 


35,712 


6.72 


117 


TDH2 


49.6 


473.0" 


0.982 


35,712 


6.72 


154 


TDH2 


863.5 


473.0" 


0.982 


35,712 


6.72 


155 


TDH2 


79.4 


473.0" 


0.982 


36,272 


4.85 


128 


APA1 


8.7 


0.7 


0.425 


36,358 


5.05 


75 


YJR105W 


17.6 


17.1 


0.522 


36,358 


5.05 


76 


YJR105W 


27.5 


17.1 


0.522 


36,596 


6.37 


79 


ADH2 


58.9 


260.0 C 


0.711 


36,714 


6.30 


102 


ADH1 


746.1 


260.0 


0.913 


36,714 


6.30 


103 


ADH1 


17.6 


260.0 


0.913 


36,714 


6.30 


104 


ADH1 


61.4 


260.0 


0.913 


36,714 


6.30 


105 


ADH1 


52.7 


260.0 


0.913 


37,033 


6.23 


44 


TALI 


44.8 


3.7 


0.701 


37,796 


7.36 


57 


IDH2 


29.4 


6.7 


0.330 


37,886 


6.49 


106 


ILV5 


76.0 


4.5 


0.892 


38,700 


7.83 


55 


BAT1 


30.9 


11.2 


0.469 


38,702 


6.24 


46 


QCR2 


NA rf 


2.2 


0.326 



Mol wt 


pi 


Spot no. 


YPD gene 
name" 


Protein 
abundance 
(10 3 copies/ 
cell) 


mRNA 
abundance 
(copies/cell) 


Codon 
bias 


39,477 


5.58 


86 


FBA1 


17.8 


183.6 


0.935 


39,477 


5.58 


87 


FBA1 


427.2 


183.6 


0.935 


39,540 


6.50 


150 


HOM2 


60.3 


4.5 


0.592 


39,561 


6.12 


156 


PSA1 


96.4 


27.5 


0.718 


41,158 


6.01 


49 


YNL134C 


14.9 


1.5 


0.316 


41,623 


7.18 


58 


BAT2 


19.0 


8.9 


0.250 


41,728 


7.29 


110 


ERG10 


24.1 


4.5 


0.543 


41,900 


5.42 


74 


TOM40 


22.3 


2.2 


0.375 


42,402 


6.29 


45 


CYS3 


6.7 


8.9 


0.621 


42,883 


5.63 


67 


DYS1 


15.8 


5.2 


0.526 


43,409 


6.31 


107 


SER1 


10.5 


1.5 


0.292 


43,421 


5.59 


91 


ERG6 


2.2 


14.1 


0.408 


44,174 


7.32 


56 


YBR025C 


13.1 


6.0 


0.684 


44,682 


4.99 


72 


TIF1 


2.9 


39.4 


0.834 


44,707 


7.77 


108 


PGK1 


23.7 


165.7 


0.897 


44,707 


7.77 


109 


PGK1 


315.2 


165.7 


0.897 


46,080 


6.72 


30 


CAR2 


15.4 


NA C 


0.495 


46,383 


8.52 


53 


IDP1 


7.7 


0.7 


0.436 


46,553 


5.98 


47 


IDP2 


32.4 


NA C 


0.197 


46,679 


6.39 


50 


ENOl 


35.4 


0.7 


0.930 


46,679 


6.39 


51 


ENOl 


6.6 


0.7 


0.930 


46,679 


6.39 


52 


ENOl 


2.2 


0.7 


0.930 


46,773 


5.82 


63 


EN02 


15.5 


289.1 


0.960 


46,773 


5.82 


64 


EN02 


635.5 


289.1 


0.960 


46,773 


5.82 


65 


EN02 


93.0 


289.1 


0.960 


46,773 


5.82 


66 


EN02 


31.0 


289.1 


0.960 


47,402 


6.09 


126 


COR1 


2.5 


0.7 


0.422 


47,666 


8.98 


54 


AAT2 


11.7 


6.0 


0.338 


48,364 


5.25 


73 


WTM1 


74.5 


13.4 


0.365 


48,530 


6.20 


61 


MET17 


38.1 


29.0 


0.576 


48,904 


5.18 


69 


LYS9 


16.2 


3.7 


0.463 


48,987 


4.90 


153 


SUP45 


29.6 


11.9 


0.377 


49,727 


5.47 


70 


PR02 


13.6 


5.2 


0.297 


49,912 


9.27 


62 


TEF2 


558.5 


282.0 


0.932 


50,444 


5.67 


35 


YDR190C 


4.8 


2.2 


0.228 


50,837 


6.11 


32 


YEL047C 


3.8 


1.5 


0.387 


50,891 


4.59 


151 


TUB2 


11.2 


7.4 


0.404 


51,547 


6.80 


27 


LPD1 


18.9 


2.2 


0.351 


52,216 


7.25 


29 


SHM2 


19.7 


7.4 


0.722 


52,859 


5.54 


37 


YFR044C 


30.2 


6.7 


0.442 


53,798 


5.19 


71 


HXK2 


26.5 


7.4 


0.756 


53,803 


6.05 


145 


GYP6 


4.4 


0.7 


0.147 


54,403 


5.29 


39 


ALD6 


37.7 


2.2 


0.664 


54,403 


5.29 


40 


ALD6 


6.6 


2.2 


0.664 


54,502 


6.20 


31 


ADE13 


6.3 


1.5 


0.417 


54,543 


7.75 


25 


PYK1 


225.3 


101.8 


0.965 


54,543 


7.75 


26 


PYK1 


39.8 


101.8 


0.965 


55,221 


6.66 


146 


YEL071W 


16.3 


3.0 


0.244 


55,295 


4.35 


134 


PDI1 


66.2 


14.1 


0.589 


55,364 


5.98 


24 


GLK1 


22.6 


6.0 


0.237 


55,481 


7.97 


118 


ATP1 


21.6 


2.2 


0.637 


55,886 


6.47 


28 


CYS4 


22.2 


NA" 


0.444 


56,167 


5.83 


33 


AR08 


14.3 


3.0 


0.324 


56,167 


5.83 


34 


AR08 


9.1 


3.0 


0.324 


56,584 


6.36 


20 


CYB2 


18.9 


NA C 


0.259 


57,366 


5.53 


60 


FRS2 


2.3 


0.7 


0.451 


57,383 


5.98 


144 


ZWF1 


5.6 


0.7 


0.215 


57,464 


5.49 


36 


THR4 


21.4 


3.7 


0.508 


57,512 


5.50 


7 


SRV2 


6.5 


NA C 


0.260 


57,727 


4.92 


152 


VMA2 


33.7 


8.9 


0.546 


58,573 


6.47 


17 


ACH1 


4.4 


1.5 


0.327 


58,573 


6.47 


18 


ACH1 


5.4 


1.5 


0.327 


61,353 


5.87 


21 


PDC1 


6.5 


200.7 


0.962 


61,353 


5.87 


22 


PDC1 


303.2 


200.7 


0.962 


61,353 


5.87 


23 


PDC1 


16.3 


200.7 


0.962 


61,649 


5.54 


38 


CCT8 


2.2 


1.5 


0.271 



Continued 



Continued on following page 
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TABLE 1— Continued 



Mol wt 


pi 


Spot no. 


III/ gcuc 

name" 


Protein 

dUUIlUdJIUC 

(10"* copies/ 
cell) 


raRNA 
abundance 
(copies/cell) 


bias 


61,902 


6.21 


101 


PDC5 


4.3 


NA C 


0.828 


62,266 


6.19 


16 


ICL1 


20.1 


NA C 


0.327 


62,862 


8.02 


19 


ILV3 


5.3 


4.5 


0.548 


63,082 


6.40 


119 


PGM2 


2.2 


3.0 


0.402 


64,335 


5.77 


5 


PAB1 


30.4 


1.5 


0.616 


66,120 


5.42 


8 


STI1 


6.7 


0.7 


0.313 


66,120 


5.42 


9 


STI1 


6.4 


0.7 


0.313 


66,450 


5.29 


141 


SSB2 


7.0 


NA C 


0.880 


66,450 


5.29 


142 


SSB2 


2.3 


NA C 


0.880 


66,456 


5.23 


10 


SSB1 


64.5 


79.5 


0.907 


66,456 


5.23 


11 


SSB1 


59.0 


79.5 


0.907 


66,456 


5.23 


12 


SSB1 


13.7 


79.5 


0.907 


68,397 


5.82 


82 


LEU4 


3.1 


3.0 


0.407 


69313 


4.90 


13 


SSA2 


24.3 


18.6 


0.892 


69,313 


4.90 


14 


SSA2 


77.1 


18.6 


0.892 


74,378 


8.46 


15 


YKL029C 


2.8 


3.7 


0.353 


75,396 


5.82 


6 


GRS1 


5.5 


7.4 


0.500 


85,720 


6.25 


1 


MET6 


2.0 


NA C 


0.772 


85,720 


6.25 


2 


MET6 


10.9 


NA C 


0.772 


85,720 


6.25 


3 


MET6 


1.4 


NA C 


0.772 


93,276 


6.11 


131 


EFT1 


17.9 


41.6 


0.890 


93,276 


6.11 


132 


EFT1 


5.7 


41.6 


0.890 


102,064" 


6.61 e 


94 


ADE3 


4.8 


5.2 


0.423 


107,482* 


5.33' 


4 


MCM3 


2.7 


NA C 


0.240 



° YPD gene names are available from the YPD website (39). 
6 NA, calculation could not be performed or was not available. 
c raRNA data inconclusive or NA. 

d No methionines in predicted ORF; therefore, protein concentration was not 
determined. 

* Measured molecular weight or pi did not match theoretical molecular weight 
or pi. 



Protein quantitation. [ 35 S]methionine-labeIed gels were exposed to X-ray film 
overnight, and then the silver stain and film were used to excise 156 spots of 
varying intensities, molecular weights, and pis. The excised spots were placed in 
0.6-mI microcentrifuge tubes, and scintillation cocktail (100 was added. The 
samples were vortexed and counted. In addition, two parallel gels were electro- 
blotted to polyvinylidene difluoride membranes. The membranes were exposed 
to X-ray film, and four intense single spots were excised from each membrane 
and subjected to amino acid analysis. For these four spots, a mean of 209 ± 4 
cpm/pmol of protein/methionine was found. This number was used to quantitate 
all remaining spots in conjunction with the number of methionines present in the 
protein. 

To ensure that proteins were labeled to equilibrium, parallel 2D gels were 
prepared and run on yeast metabolically labeled for 1, 2, 6, or 18 h. The 
corresponding 156 spots were excised from each gel, and radioactivity was mea- 
sured by liquid scintillation counting for each spot. Calculated protein levels were 
highly reproducible for all time points measured after 1 h. 

Calculation of codon bias and predicted half-life. Codon bias values were 
extracted from the YPD spreadsheet (17). Protein half-lives were calculated 
based on the N-end rule (33). When the N-terminal processing was not known 
experimentally, it was predicted based on the affinity of methionine aminopep- 
tidase (31). 

RESULTS 

Characteristics of proteome approach. Nearly every facet of 
proteome analysis hinges on the unambiguous identification of 
large numbers of expressed proteins in cells. Several tech- 
niques have been described previously for the identification of 
proteins separated by 2DE, including N-terminal and internal 
sequencing (1, 2), amino acid analysis (38), and more recently 
mass spectrometry (25). We utilized techniques based on mass 
spectrometry because they afford the highest levels of sensitiv- 
ity and provide unambiguous identification. The specific pro- 
cedure used is schematically illustrated in Fig. 1 and is based 
on three principles. First, proteins are removed from the gel by 



proteolytic in-gel digestion, and the resulting peptides are sep- 
arated by on-line capillary high-performance liquid chromatog- 
raphy. Second, the eluting peptides are ionized and detected, and 
the specific peptide ions are selected and fragmented by the 
mass spectrometer. To achieve this, the mass spectrometer 
switches between the MS mode (for peptide mass identifica- 
tion) and the MS/MS mode (for peptide characterization and 
sequencing). Selected peptides are fragmented by a process 
called collision-induced dissociation (CID) to generate a tan- 
dem mass spectrum (MS/MS spectrum) that contains the pep- 
tide sequence information. Third, individual CID mass spectra 
are then compared by computer algorithms to predicted spec- 
tra from a sequence database. This results in the identification 
of the peptide and, by association, the protein(s) in the spot. 
Unambiguous protein identification is attained in a single anal- 
ysis by the detection of multiple peptides derived from the 
same protein. 

Protein identification. Yeast total cell protein hysate (40 u,g), 
metabolically labeled with [ 35 S]methionine, was electro- 
phoretically separated by isoelectric focusing in the first dimen- 
sion and by SDS-10% polyacrylamide gel electrophoresis in 
the second dimension. Proteins were visualized by silver stain- 
ing and by autoradiography. Of the more than 1,000 proteins 
visible by silver staining, 156 spots were excised from the gel 
and subjected to in-gel tryptic digestion, and the resulting 
peptides were analyzed and identified by microspray LC- 
MS/MS techniques as described above. The proteins in this 
study were all identified automatically by computer software 
with no human interpretation of mass spectra. They are indi- 
cated in Fig. 2 and detailed in Table 1. 

The CID spectra shown in Fig. 3 indicate that the quality of 
the identification data generated was suitable for unambiguous 
protein identification. The spectra represent the amino acid 
sequences of tryptic peptides NSGDIVNLGSIAGR (Fig. 3A) 
and FAVGAFTDSLR (Fig. 3B). Both peptides were derived 
from protein S57593 (hypothetical protein YMR226C), which 
migrated to spot 114 (molecular weight, 29,156; pi, 6.59) in the 
2D gel in Fig. 2. Five other peptides from the same analysis 
were also computer matched to the same protein sequence. 

Protein and mRNA quantitation. For the 156 genes investi- 
gated, the protein expression levels ranged from 2,200 (PGM2) 
to 863,000 (TDH2/TDH3) copies/cell. The levels of mRNA for 
each of the genes identified were calculated from SAGE fre- 
quency tables (35). These tables contain the mRNA levels for 
4,665 genes in yeast strain YPH499 grown to mid-log phase in 
YPD medium on glucose as a carbon source. In some in- 
stances, the mRNA levels could not be calculated for reasons 
stated in Materials and Methods. For the proteins analyzed in 
this study, mean transcript levels varied from 0.7 to 473 copies/ 
cell. 

Selection of the sample population for mRNA-protein ex- 
pression level correlation. The protein spots selected for iden- 
tification were selected from spots visible by silver staining in 
the 2D gel. An attempt was made not to include spots where 
overlap with other spots was readily apparent. The number of 
proteins identified was 156 (Table 1). Some proteins migrated 
to more than one spot (presumably due to differential protein 
processing or modifications), and protein levels from these 
spots were calculated by integrating the intensities of the dif- 
ferent spots. The 156 protein spots analyzed represented the 
products of 128 different genes. Genes were excluded from the 
correlation analysis only if part of the data set was missing; i.e., 
genes were excluded if (i) no mRNA expression data were 
available for the protein or putative SAGE tags were ambig- 
uous, (ii) the amino acid sequence did not contain methionine, 
(iii) more than a single protein was conclusively identified as 
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FIG. 3. Tandem mass (MS/MS) spectra resulting from analysis of a single spot on a 2D gel. The first quadrupole selected a single mass-to-charge ratio (m/z) of 687.2 
(A) or 592.6 (B), while the collision cell was filled with argon gas, and a voltage which caused the peptide to undergo fragmentation by CID was applied. The third 
quadrupole scanned the mass range from 50 to 1,400 m/z. The computer program Sequest (8) was utilized to match MS/MS spectra to amino acid sequence by database 
searching. Both spectra matched peptides from the same protein, S57593 (yeast hypothetical protein YMR226C). Five other peptides from the same analysis were 
matched to the same protein. 



migrating to the same gel spot, or (iv) the theoretical and 
observed pis and molecular weights could not be reconciled. 
After these criteria were applied, the number of genes used in 
the correlation analysis was 106. 



Codon bias and predicted half-lives. Codon bias is thought 
to be an indicator of protein expression, with highly expressed 
proteins having large codon bias values. The codon bias distri- 
bution for the entire set of more than 6,000 predicted yeast 
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gene ORFs is presented in Fig. 4A. The interval with the 
largest frequency of genes is between the codon bias values of 
0.0 and 0.1. This segment contains more than 2,500 genes. The 
distribution of the codon bias values of the 128 different genes 
found in this study (all protein spots from Fig. 2) is shown in 
Fig. 4B, and protein half-lives (predicted from applying the 
N-end rule [33] to the experimentally determined or predicted 
protein N termini) are shown in Fig. 4C. No genes were iden- 
tified with codon bias values less than 0.1 even though thou- 
sands of genes exist in this category. In addition, nearly all of 
the proteins identified had long predicted half-lives (greater 
than 30 h). 

Correlation of mRNA and protein expression levels. The 

correlation between mRNA and protein levels of the genes 
selected as described above is shown in Fig. 5. For the entire 
group (106 genes) for which a complete data set was gener- 
ated, there was a general trend of increased protein levels 
resulting from increased mRNA levels. The Pearson product 
moment correlation coefficient for the whole data set (106 
genes) was 0.935. This number is highly biased by a small 
number of genes with very large protein and message levels. A 
more representative subset of the data is shown in the inset of 
Fig. 5. It shows genes for which the message level was below 10 
copies/cell and includes 69% (73 of 106 genes) of the data used 
in the study. The Pearson product moment correlation coeffi- 
cient for this data set was only 0.356. We also found that levels 
of protein expression coded for by mRNA with comparable 
abundance varied by as much as 30-fold and that the mRNA 
levels coding for proteins with comparable expression levels 
varied by as much as 20-fold. 

The distortion of the correlation value induced by the un- 
even distribution of the data points along the x axis is further 
demonstrated by the analysis in Fig. 6. The 106 samples in- 
cluded in the study were ranked by protein abundance, and the 
Pearson product moment correlation coefficient was repeat- 
edly calculated after including progressively more, and higher- 
abundance, proteins in each calculation. The correlation values 
remained relatively stable in the range of 0.1 to 0.4 if the 
lowest-expressed 40 to 95 proteins used in this study were 
included. However, the correlation value steadily climbed by 
the inclusion of each of the 11 very highly expressed proteins. 

Correlation of protein and mRNA expression levels with 
codon bias. Codon bias is the propensity for a gene to utilize 
the same codon to encode an amino acid even though other 
codons would insert the identical amino acid in the growing 
polypeptide sequence. It is further thought that highly ex- 
pressed proteins have large codon biases (3). To assess the 
value of codon bias for predicting mRNA and protein levels in 
exponentially growing yeast cells, we plotted the two experi- 
mental sets of data versus the codon bias (Fig. 7). The distri- 
bution patterns for both mRNA and protein levels with respect 
to codon bias were highly similar. There was high variability in 
the data within the codon bias range of 0.8 to 1.0. Although a 
large codon bias generally resulted in higher protein and mes- 
sage expression levels, codon bias did not appear to be predic- 
tive of either protein levels or mRNA levels in the cell. 

DISCUSSION 

The desired end point for the description of a biological 
system is not the analysis of mRNA transcript levels alone but 
also the accurate measurement of protein expression levels and 
their respective activities. Quantitative analysis of global 
mRNA levels currently is a preferred method for the analysis 
of the state of cells and tissues (11). Several methods which 
either provide absolute mRNA abundance (34, 35) or relative 
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FIG. 4. Current proteome analysis technology utilizing 2DE without preen- 
richment samples mainly highly expressed and long-lived proteins. Genes encod- 
ing highly expressed proteins generally have large codon bias values. (A) Distri- 
bution of the yeast genome (more than 6,000 genes) based on codon bias. The 
interval with the largest frequency of genes is 0.0 to 0.1, with more than 2,500 
genes. (B) Distribution of the genes from identified proteins in this study based 
on codon bias. No genes with codon bias values less than 0.1 were detected in this 
study. (C) Distribution of identified proteins in this study based on predicted 
half-life (estimated by N-end rule). 



mRNA levels in comparative analyses (20, 27) have been de- 
scribed elsewhere. The techniques are fast and exquisitely sen- 
sitive and can provide mRNA abundance for potentially any 
expressed gene. Measured mRNA levels are often implicitly or 
explicitly extrapolated to indicate the levels of activity of the 
corresponding protein in the cell. Quantitative analysis of pro- 
tein expression levels (proteome analysis) is much more time- 
consuming because proteins are analyzed sequentially one by 
one and is not general because analyses are limited to the 
relatively highly expressed proteins. Proteome analysis does, 
however, provide types of data that are of critical importance 
for the description of the state of a biological system and that 
are not readily apparent from the sequence and the level of 
expression of the mRNA transcript. This study attempts to 
examine the relationship between mRNA and protein expres- 
sion levels for a large number of expressed genes in cells 
representing the same state. 

Limits in the sensitivity of current protein analysis technol- 
ogy precluded a completely random sampling of yeast proteins. 
We therefore based the study on those proteins visible by silver 
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FIG. 5. Correlation between protein and mRNA levels for 106 genes in yeast growing at log phase with glucose as a carbon source. mRNA and protein levels were 
calculated as described in Materials and Methods. The data represent a population of genes with protein expression levels visible by silver staining on a 2D gel chosen 
to include the entire range of molecular weights, isoelectric focusing points, and staining intensities. The inset shows the low-end portion of the main figure. It contains 
69% of the original data set. The Pearson product moment correlation for the entire data set was 0.935. The correlation for the inset containing 73 proteins (69%) was 
only 0.356. 



staining on a 2D gel. Of the more than 1,000 visible spots, 156 
were chosen to include the entire range of molecular weights, 
isoelectric focusing points, and staining intensities displayed on 
the 2D protein pattern. The genes identified in this study 
shared a number of properties. First, all of the proteins in this 
study had a codon bias of greater than 0.1 and 93% were 
greater than 0.2 (Fig. 4B). Second, with few exceptions, the 
proteins in this study had long predicted half-lives according to 
the N-end rule (Fig. 4C). Third, low-abundance proteins with 
regulatory functions such as transcription factors or protein 
kinases were not identified. 

Because the population of proteins used in this study ap- 
pears to be fairly homogeneous with respect to predicted half- 
life and codon bias, it might be expected that the correlation of 
the mRNA and protein expression levels would be stronger for 
this population than for a random sample of yeast proteins. We 
tested this assumption by evaluating the correlation value if 
different subsets of the available data were included in the 
calculation. The 106 proteins were ranked from lowest to high- 
est protein expression level, and the trend in the correlation 
value was evaluated by progressively including more of the 
higher-abundance proteins in the calculation (Fig. 6). The cor- 
relation value when only the lower-abundance 40 to 93 pro- 
teins were examined was consistently between 0.1 and 0.4. If 
the 11 most abundant proteins were included, the correlation 
steadily increased to 0.94. We therefore expect that the corre- 
lation for all yeast proteins or for a random selection would be 
less than 0.4. The observed level of correlation between 
mRNA and protein expression levels suggests the importance 



of posttranslational mechanisms controlling gene expression. 
Such mechanisms include translational control (15) and con- 
trol of protein half-life (33). Since these mechanisms are also 
active in higher eukaryotic cells, we speculate that there is no 
predictive correlation between steady-state levels of mRNA 
and those of protein in mammalian cells. 

Like other large-scale analyses, the present study has several 
potential sources of error related to the methods used to de- 
termine mRNA and protein expression levels. The mRNA 
levels were calculated from frequency tables of SAGE data. 
This method is highly quantitative because it is based on actual 
sequencing of unique tags from each gene, and the number of 
times that a tag is represented is proportional to the number of 
mRNA molecules for a specific gene. This method has some 
limitations including the following: (i) the magnitude of the 
error in the measurement of mRNA levels is inversely propor- 
tional to the mRNA levels, (ii) SAGE tags from highly similar 
genes may not be distinguished and therefore are summed, (iii) 
some SAGE tags are from sequences in the 3' untranslated 
region of the transcript, (iv) incomplete cleavage at the SAGE 
tag site by the restriction enzyme can result in two tags repre- 
senting one mRNA, and (v) some transcripts actually do not 
generate a SAGE tag (34, 35). 

For the SAGE method, the error associated with a value 
increases with a decreasing number of transcripts per cell. The 
conclusions drawn from this study are dependent on the qual- 
ity of the mRNA levels from previously published data (35). 
Since more than 65% of the mRNA levels included in this 
study were calculated to 10 copies/cell or less (40% were less 
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FIG. 6. Effect of highly abundant proteins on Pearson product moment correlation coefficient for mRNA and protein abundance in yeast. The set of 106 genes was 
ranked according to protein abundance, and the correlation value was calculated by including the 40 lowest-abundance genes and then progressively including the 
remaining 66 genes in order of abundance. The correlation value climbs as the final 11 highly abundant proteins are included. 



than 4 copies/cell), the error associated with these values may 
be quite large. The mRNA levels were calculated from more 
than 20,000 transcripts. Assuming that the estimate of 15,000 
mRNA molecules per cell is correct (16), this would mean that 
mRNA transcripts present at only a single copy per cell would 
be detected 72% of the time (35). The mRNA levels for each 
gene were carefully scrutinized, and only mRNA levels for 
which a high degree of confidence existed were included in the 
correlation value. 

Protein abundance was determined by metabolic radiolabel- 
ing with [ 35 S]methionine. The calculation required knowledge 
of three variables: the number of methionines in the mature 
protein, the radioactivity contained in the protein, and the 
specific activity of the radiolabel normalized per methionine. 
The number of methionines per protein was determined from 
the amino acid sequence of the proteins identified by tandem 
mass spectrometry. For some proteins, it was not known 
whether the methionine of the nascent polypeptide was pro- 
cessed away. The N termini of those proteins were predicted 
based on the specificity of methionine aminopeptidase (31). If 
the N-terminal processing did not conform to the predicted 
specificity of processing enzymes, the calculation of the num- 
ber of methionines would be affected. This discrepancy would 
affect most the quantitation of a protein with a very low num- 
ber of methionines. The average number of calculated methi- 
onines per protein in this study was 7.2. We therefore expect 
the potential for erroneous protein quantitation due to un- 
usual N-terminal processing to be small. 



The amount of radioactivity contained in a single spot might 
be the sum of the radioactivity of comigrating proteins. Be- 
cause protein identification was based on tandem mass spec- 
trometric techniques, comigrating proteins could be identified. 
However, comigrating proteins were rarely detected in this 
study, most likely because relatively small amounts of total 
protein (40 jxg) were initially loaded onto the gels, which re- 
sulted in highly focused spots containing generally 1 to 25 ng of 
protein. Because of the relatively small amount loaded, the 
concentrations of any potentially comigrating protein would 
likely be below the limit of detection of the mass spectrometry 
technique used in this study (1 to 5 ng) and below the limit of 
visualization by silver staining (1 to 5 ng). In the overwhelming 
majority of the samples analyzed, numerous peptides from a 
single protein were detected. It is assumed that any comigrat- 
ing proteins were at levels too low to be detected and that their 
influence in the calculation would be small. 

The specific activity of the radiolabel was determined by 
relating the precise amount of protein present in selected spots 
of a parallel gel, as determined by quantitative amino acid 
composition analysis, to the number of methionines present in 
the sequence of those proteins and the radioactivity deter- 
mined by liquid scintillation counting. It is possible that the 
resulting number might be influenced by unavoidable losses 
inherent in the amino acid analysis procedure applied. Because 
four different proteins were utilized in the calculation and the 
experiment was done in duplicate, the specific activity calcu- 
lated is thought to be highly accurate. Indeed, the specific 
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FIG. 7. Relationship between codon bias and protein and mRNA levels in this study. Yeast mRNA and protein expression levels were calculated as described in 
Materials and Methods. The data represent the same 106 genes as in Fig. 5. 



activities calculated for each of the four proteins varied by less 
than 10%. Any inconsistencies in the calculation of the specific 
activity would result in differences in the absolute levels calcu- 
lated but not in the relative numbers and would therefore not 
influence the correlation value determined. 

The protein quantitative method used eliminates a number 
of potential errors inherent in previous methods for the quan- 
titation of proteins separated by 2DE, such as preferential 
protein staining and bias caused by inequalities in the number 
of radiolabeled residues per protein. Any 2D gel-based method 
of quantitation is complicated by the fact that in some cases the 
translation products of the same mRNA migrated to different 
spots. One major reason is posttranslational modification or 
processing of the protein. Also, artifactual proteolysis during 
cell lysis and sample preparation can lead to multiple resolved 
forms of the protein. In such cases, the protein levels of spots 
coded for by the same mRNA were pooled. In addition, the 
existence of other spots coded for by the same mRNA that 
were not analyzed by mass spectrometry or that were below the 
limit of detection for silver staining cannot be ruled out. How- 
ever, since this study is based on a class of highly expressed 
proteins, the presence of undetected minor spots below silver 
staining sensitivity corresponding to a protein analyzed in the 
study would generally cause a relatively small error in protein 
quantitation. 

Codon bias is a measure of the propensity of an organism to 
selectively utilize certain codons which result in the incorpo- 
ration of the same amino acid residue in a growing polypeptide 
chain. There are 61 possible codons that code for 20 amino 
acids. The larger the codon bias value, the smaller the number 
of codons that are used to encode the protein (19). It is 



thought that codon bias is a measure of protein abundance 
because highly expressed proteins generally have large codon 
bias values (3, 13). 

Nearly all of the most highly expressed proteins had codon 
bias values of greater than 0.8. However, we detected a number 
of genes with high codon bias and relative low protein abun- 
dance (Fig. 7). For example, the expressed gene with both the 
second largest protein and mRNA levels in the study was 
EN02_YEAST (775,000 and 289.1 copies/cell, respectively). 
EN01_YEAST was also present in the gel at much lower 
protein and mRNA levels (44,200 and 0.7 copies/cell, respec- 
tively). The codon bias values for EN02 and ENOl are similar 
(0.96 and 0.93, respectively), but the expression of the two 
genes is differentially regulated. Specifically, EN01_YEAST is 
glucose repressed (6) and was therefore present in low abun- 
dance under the conditions used. Other genes with large codon 
bias values that were not of high protein abundance in the gel 
include EFT1, TIF1, HXK2, GSP1, EGD2, SHM2, and TALI. 
We conclude that merely determining the codon bias of a gene 
is not sufficient to predict its protein expression level. 

Interestingly, codon bias appears to be an excellent indicator 
of the boundaries of current 2D gel proteome analysis tech- 
nology. There are thousands of genes with expressed mRNA 
and likely expressed protein with codon bias values less than 
0.1 (Fig. 4A). In this study, we detected none of them, and only 
a very small percentage of the genes detected in this study had 
codon bias values between 0.1 and 0.2 (Fig. 4B). Indeed, in 
every examined yeast proteome study (5, 7, 13, 28) where the 
combined total number of identified proteins is 300 to 400, this 
same observation is true. It is expected that for the more 
complex cells of higher eukaryotic organisms the detection of 
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low-abundance proteins would be even more challenging than 
for yeast. This indicates that highly abundant, long-lived pro- 
teins are overwhelmingly detected in proteome studies. If pro- 
teome analysis is to provide truly meaningful information 
about cellular processes, it must be able to penetrate to the 
level of regulatory proteins, including transcription factors and 
protein kinases. A promising approach is the use of narrow- 
range focusing gels with immobilized pH gradients (IPG) (23). 
This would allow for the loading of significantly more protein 
per pH unit covered and also provide increased resolution of 
proteins with similar electrophoretic mobilities. A standard pH 
gradient in an isoelectric focusing gel covers a 7-pH-unit range 
(pH 3 to 10) over 18 cm. A narrow-range focusing gel might 
expand the range to 0.5 pH units over 18 cm or more. This 
could potentially increase by more than 10-fold the number of 
proteins that can be detected. Clearly, current proteome tech- 
nology is incapable of analyzing low-abundance regulatory pro- 
teins without employing an enrichment method for relatively 
low-abundance proteins. In conclusion, this study examined 
the relationship between yeast protein and message levels and 
revealed that transcript levels provide little predictive value 
with respect to the extent of protein expression. 
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I, J. Christopher Grimaldi, declare and say as follows: 

1 . I am a Senior Research Associate in the Molecular Biology Department of 
Genentech, Inc., South San Francisco, CA 94080. 

2. I joined Genentech in January of 1999. From 1 999 to 2003, 1 directed the Cloning 
Laboratory in the Molecular Biology Department. During this time I directed or performed 
numerous molecular biology techniques including qualitative Polymerase Chain Reaction (PCR) 
analyses. I am currently involved in, among other projects, the isolation of genes coding for 
membrane associated proteins which can be used as targets for antibody therapeutics against 
cancer. In connection with the above-identified patent application, I personally performed or 
directed the semi-quantitative PCR analyses in the assay entitled "Tumor Versus Normal 
Differential Tissue Expression Distribution" which is described in EXAMPLE 18 in the 
specification that were used to identify differences in gene expression between tumor tissue and 
their normal counterparts. 

3. My scientific Curriculum Vitae, including my list of publications, is attached to 
and forms part of this Declaration (Exhibit A). 

4. In differential gene expression studies, one looks for genes whose expression levels 
differ significantly under different conditions, for example, in normal versus diseased tissue. 
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Chromosomal aberrations, such as gene amplification, and chromosomal translocations are 
important markers of specific types of cancer and lead to the aberrant expression of specific 
genes and their encoded polypeptides, including over-expression and under-expression. For 
example, gene amplification is a process in which specific regions of a chromosome are 
duplicated, ttms creating multiple copies of certain genes that normally exist as a single copy. 
Gene under-expression can occur when a gene is not transcribed into mRNA. In addition, 
chromosomal translocations occur when two different chromosomes break and are rejoined to 
each other chromosome resulting in a chimeric chromosome which displays a different expression 
pattern relative to the parent chromosomes. Amplification of certain genes such as Her2/Neu 
[Singleton a/., Pathol A mm v 27Ptl:165-190], or chromosomal translocations such as t(5;14), 
[Grimaldi et al, Blood, 73(8):2081-2085(1989); Meeker et al, Blood 76(2):285-289(1990)] give 
cancer cells a growth or survival advantage relative to normal cells, and might also provide a 
mechanism of tumor cell resistance to chemotherapy or radiotherapy. When the chromosomal 
aberration results in the aberrant expression of a mRNA and the corresponding gene product (the 
polypeptide), as it does in the aforementioned cases, the gene product is a promising target for 
cancer therapy, for example, by the therapeutic antibody approach. 

5 . Comparison of gene expression levels in normal versus diseased tissue has 
important implications both diagnostically and therapeutically. For example, those who work in 
this field are well aware that in the vast majority of cases, when a gene is over-expressed, as 
evidenced by an increased production of mRNA, the gene product or polypeptide will also be , 
over-expressed. It is unlikely that one identifies increased mRNA expression without associated 
increased protein expression. This same principle applies to gene under-expression. When a 
gene is under-expressed, the gene product is also likely to be under-expressed. Stated in another 
way, two cell samples which have differing mRNA concentrations for a specific gene are 
expected to have correspondingly different concentration of protein for that gene. Techniques 
used to detect mRNA, such as Northern Blotting, Differential Display, in situ hybridization, 
quantitative PCR, Taqman, and more recently Microarray technology all rely on the dogma that a 
change in mRNA will represent a similar change in protein. If this dogma did not hold true then 
these techniques would have little value and not be so widely used. The use of mRNA 
quantitation techniques have identified a seemingly endless number of genes which are 
differentially expressed in various tissues and these genes have subsequently been shown to have 
correspondingly similar changes in their protein levels. Thus, the detection of increased mRNA 
expression is expected to result in increased polypeptide expression, and the detection of 
decreased mRNA expression is expected to result in decreased polypeptide expression. The 
detection of increased or decreased polypeptide expression can be used for cancer diagnosis and 
treatment. 

6. However, even in the rare case where the protein expression does not correlate 
with the mRNA expression, this still provides significant information useful for cancer diagnosis 
and treatment. For example, if over- or under-expression of a gene product does not correlate 
with over- or under-expression of mRNA in certain tumor types but does so in others, then 
identification of both gene expression and protein expression enables more accurate tumor 
classification and hence better determination of suitable therapy. In addition, absence of over- or 
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under-expression of the gene product in the presence of a particular over- or under-expression of 
mRNA is crucial information for the practicing clinician. For example, if a gene is over-expressed 
but the corresponding gene product is not significantly over-expressed, the clinician accordingly 
will decide not to treat a patient with agents that target that gene product. 

7. I hereby declare that all statements made herein of my own knowledge are true and 
that all statements made on information or belief are believed to be true, and further that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code and that such willful statements may jeopardize the validity of the application or any 
patent issued thereon. 
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The t(5;14) Chromosomal Translocation in a Case of Acute Lymphocytic 
Leukemia Joins the Interleukin-3 Gene to the Immunoglobulin Heavy Chain Gene 

By J. Christopher Grimaldi and Timothy C. Meeker 



Chromosomal translocations have proven to be important 
markers of the genetic abnormalities central to the patho- 
genesis of cancer. By cloning chromosomal breakpoints 
one can identify activated proto-oncogenes. We have stud- 
ied a case of B-lineage acute lymphocytic leukemia (ALL) 
that was associated with peripheral blood eosinophilia. The 
chromosomal translocation t(5;14) (q31:q32) from this 
sample was cloned and studied at the molecular level. This 

KARYOTYPIC STUDIES of leukemia and lymphoma 
have identified frequent nonrandom chromosomal 
translocations. Some of these translocations juxtapose the 
immunoglobulin heavy chain (IgH) gene with important 
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Fig 1. DNA blots of the leukemia sample. The restriction 
fragment pattern of normal human DNA (N) and the leukemia 
sample (U were compared using a human Jh probe. Rearranged 
bands are indicated by arrows. Sample L exhibits a single rear- 
ranged band with both Hind \\\/EcoH\ and Sau3A restriction 
digests. The rearranged bands are less intense than the other 
bands because the majority of cells in the sample represent normal 
bone marrow elements. 



translocation joined the immunoglobulin heavy chain join- 
ing ( Jh) region to the pro motor region of the interleukin-3 
(IL-3) gene in opposite transcriptional orientations. The 
data suggest that activation of the IL-3 gene by the 
enhancer of the immunoglobulin heavy chain gene may play 
a central role in the pathogenesis of this leukemia and the 
associated eosinophil. 
* 1989 by Grune & Stratton, Inc. 

protooncogenes, such as c-mvc and bcl-l} 2 In this way, the 
IgH gene can activate proto-oncogenes, resulting in disor- 
dered gene expression and a step in the development of 
cancer. The investigation of additional nonrandom transloca- 
tions into the IgH locus allows us to identify new genes 
promoting the generationof leukemia and lymphoma. 

A distinct subtype of acute lymphocytic leukemia (ALL) 
has been characterized by B-lineage phenotype, associated 
eosinophilia in the peripheral blood, and a t(5;14)(q31;q32) 
chromosomal translocation. 3,4 This syndrome probably 
occurs in <1% of all patients with ALL. We hypothesized 
that the cloning of the translocation characteristic of this 
leukemia might allow the identification of an important gene 
on chromosome 5 that plays a role in the evolution of this 
disease. In this report we demonstrate that the interleukin-3 
gene (IL-3) and the IgH gene are joined by this transloca- 
tion. 

MATERIALS AND METHODS 

Sample and DNA blots, A bone marrow aspirate from a repre- 
sentative patient with ALL (LI morphology by French- American- 
British [FAB] criteria), peripheral eosinophilia (up to 20,000 per 
microliter with a normal value of <350 per microliter) and a 
t(5;14)(q31;q32) translocation was studied. Using published meth- 
ods, genomic DNA was isolated and DNA blots were made. 9 Briefly, 
10 tig of high molecular weight (mol wt) DNA were digested using 
an appropriate restriction enzyme and elect rophoresed on a 0.8% 
agarose gel. The gel was stained with ethidium bromide, photo- 
graphed, denatured, neutralized, and transferred to Hybond (Amer- 
sham, Arlington Heights, IL). After treatment of the filter with 
ultraviolet light, hybridization was performed. The filter was washed 
to a final stringency of 0.2% saturated sodium citrate (SSC) and 
0.1% sodium lauryly sulfate (SDS) and exposed to film. The human 
Jh probe has been previously reported* 

Genomic library. The genomic library was made using pub- 
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lished methods. 5 Approximately 100 of high mol wt genomic 
DNA were partially digested with the Sau3A restriction enzyme. 
Fragments from 9 to 23 kilobases (kb) in sire were isolated on a 
sucrose gradient and ligated into phage EMBL3A (Strategene, San 
Diego). Recombinant phage were packaged, plated, and screened as 
previously reported. 5 

DNA sequencing. Fragments for sequencing were cloned into 
Ml 3 vectors and sequenced by the chain termination method using 
Sequenase (United States Biochemical, Cleveland). 7 All sequence 
data were derived from both strands. 

RESULTS 

We studied a bone marrow sample from a patient with 
ALL and associated peripheral eosinophilia. Karyotypic 
analysis showed the characteristic t(5;14)(q31;q32) translo- 
cation. These features define a distinctive subtype of ALL. M 
The leukemic cells were analyzed for cell surface phenotype 
by immunofluorecence. They were positive for Bl (CD20), 
B4 ; (CD19), cALLA' (CDIO), HLA-DR, and terrnmal 
deoxynucleotidyl transferase (Tdt), but negative for surface 
immunoglobulin. This phenotypic profile describes an imma- 
ture cell from the B-lymphocytic lineage. 8 

The leukemia DNA was analyzed by Southern blotting for 
rearrangements of the IgH gene. Using a human immuno- 
globulin Jh probe, a single rearranged band was detected by 
EcoKU Hindlll, Sstl, Sau3A, and EcoRl plus HindlU 
restriction digests, suggesting rearrangement of one allele 
(Fig 1). The immunoglobulin Jh region from the other allele 
was presumably either deleted or in the germline configura- 
tion. 

We hypothesized that the t(5;14)(q31;q32) juxtaposed a 
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growth-promoting gene on chromosome 5 with the immuno- 
globulin Jh region on chromosome 14. Therefore, a genomic 
library was made from the leukemic sample and screened 
with a Jh probe. Fifteen distinct positive clones were isolated 
and screened for the presence of the rearranged Sau3A 
fragment that was detected by DNA blotting. By this 
analysis, five clones appeared to represent the rearranged 
allele identified by DNA blots. One of these clones (clone no. 
4) was chosen for further study and a detailed restriction 
map was generated. The EcoRl, Hindlll/ EcoRl, and Sstl 
fragments from clone no. 4 that hybridized to the human Jh 
probe were also identical in size to the rearranged fragments 
from the leukemia sample, confirming that clone no. 4 
represented the rearranged leukemic allele. 

Phage clone no. 4 contained 3.7 kb of unknown origin 
joined to the IgH gene in the region of Jh4 (Fig 2). The IgH 
gene from Jh4 to the Cmu region appeared to be in germline 
configuration. Previously,- the gene encoding hematopoietic 
growth factor IL-3 had been mapped to chromosome 5q3 1 so 
it was suspected that clone no. 4 might contain part of this 
gene.* 12 When the restriction map of human IL-3 and clone 
no. 4 were compared, they were identical for more than 3 kb 
(Kg 2). 

We confirmed the juxtaposition of the IL-3 gene and the 
IgH gene by nucleic acid sequencing of the subcloned 
BstEll/Hpal fragment (Fig 2). The sequence of this frag- 
ment showed no disruption of the protein coding region or the 
messenger RN A of the IL-3 gene. The break in the IL-3 gene 
occurred in the proraotor region, 452 base pairs (bp) 
upstream of the transcriptional start site (position 64, Fig 
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T< 5:1 4) CHROMOSOMAL TRANSLOCATION . 

3A> The break in the IgH gene occurred 2 bp upstream of GM-CSF maps within 9 kb of IL-3 in the same transcrip. 

fejM region. Between the two breaks, 25 bp of uncertain tional orientation Using this information and a^ummg a 

origin (putativeNsequence) were inserted .»•" No sequences simple translocation event in our sample, we can conclude 

homologous to the immunoglobulin heptamer and nonamer that the IL-3 gene is normally more centromer^ and tbe 

could be identified in the IL-3 sequence (Fig 3B). Therefore, GM-CSF gene more telomeric on chromosome^ Sqi Fig 4). 

nucleic acid sequencing confirmed the juxtaposition of the Furthermore, both are transcribed w,th their 5 ends toward 

IL-3 gene and the IgH gene The sequence data clearly the centromere, 

showed that the genes were positioned in opposite transcrip- DISCUSSION 
tional orientations (head-tc-head). 

Available data also allowed us to determine the normal In this report we have cloned a umque chromosomal 

uositions of the IL-3 gene and the GM-CSF gene in relation translocation that appears to be a consistent feature of a rare, 

Tthe centromereof chromosome 5 (Fig 4). The IgH gene is yet distinct, clinical form of acute • ^em,a^.s rans^a- 

known to be positioned with the variable regions toward the tion joined the promoter of the IL-3 gene to the ^IgH [gene 

Somere on chromosome I4q. ws It has also been shown that Except for the altered promoter, the IL-3 gene appeared 
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Fig 4. Diagram of the translocation. The normal chromosome 
Bq31 is shown with the GM-CSF gene tetomeric to the IL-3 gene m 
the transcriptional orientation shown. On normal chromosome 
I4q32 the Vh regions are telomeric The t{6;1 4)(q31 ;q32) translo- 
cation results m the head-to-head orientation of these genes. 
Symbols are defined in Fig 2. BP, breakpoint position. 



intact as no deletions, insertions, or point mutations were 
detected by restriction mapping of the entire gene and 
sequencing of part of the gene. The IgH gene has been 
truncated at the Jh4 region, which places the immunoglobu- 
lin enhancer within 2.5 kb of the IL-3 gene. 17 - 18 This leads to 
the hypothesis that the enhancer is increasing transcription 
of a structurally normal IL-3 gene. The same mechanism is 
important for activation of the omyc gene in some cases of 
Burkitt's lymphoma. 19 An alternate hypothesis is that the 
elimination of an upstream IL-3 promotor element is crucial 
to the activation of the IL-3 gene. 

The proposed activation of the IL-3 gene suggests that an 
autocrine loop is important for the pathogenesis of this 
leukemia. Over-expression of the 11^3 gene coupled with 



the presence of the IL-3. receptor in these cells could account 
for a strong stimulus for proliferation. In this regard, there 
are data indicating that immature B-lineage lymphocytes 
and B-lineage leukemias may express the IL-3 receptor.* 1 ' 2 * 

An additional feature of this type of leukemia is the 
dramatic eosinophilia, consisting of mature forms. It has 
been hypothesized that the eosinophils do not arise from the 
malignant clone, but are stimulated by the tumor. 23 ' 24 
Because of the known effect of IL-3 on eosinophil differentia- 
tion, secretion of high levels of 11^3 by leukemic cells might 
have a role in the eosinophilia in this type of leukemia. 12 

The data suggest that the recombination mechanism that 
is active in the IgH gene during normal differentiation has a 
role in this translocation. 13 - 14 This is supported by the break- 
point location at the 5' end of Jh4 and the presence of 
putative N-region sequences. On the other hand, no recombi- 
nation signal sequence (heptamer and nonamer) was found 
in this region on chromosome 5, suggesting that additional 
factors also played a role. Further studies will elucidate the 
mechanism of this and other translocations.. 

In the leukemia we studied, it is possible that the immuno- 
globulin enhancer also activates the GM-CSF gene, since 
this gene is probably positioned only 14 kb away (Fig 4). This 
is known to be within the range of enhancer activation. 25 The 
interleukin-5 (IL-5) gene maps to chromosome SqSl. 26 
Deregulation of the IL-5 gene by this translocation would act 
synergistically with IL-3 in the stimulation of eosinophil 
proliferation and differentiation. 27 These and other questions 
will be answered by the study of more patient samples; We 
plan to determine whether the t(5;14)(q31;q32) transloca- 
tion is capable of activating multiple lymphokines simulta- 
neously and whether they cooperate in the generation of this 
leukemia. 
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RAPID COMMUNICATION 

Activation of the Interleukin-3 Gene by Chromosome Translocation in Acute 
Lymphocytic Leukemia With Eosinophilia 

By Timothy C. Meeker. Dan Hardy, Cheryl Willman, Thomas Hogan, and John Abrams 



The t(6;14)(q31;q32) translocation from B-Hneage acute 
lymphocytic leukemia with eosinophilia has been cloned 
from two leukemia samples. In both cases, this transloca- 
tion joined the IgH gene and the interleukin-3 (IL-3) gene. In 
one patient, excess IL-3 mRNA was produced by the 
leukemic cells. In the second patient, serum IL-3 levels 
were measured and shown to correlate with disease 

A NUMBER OF chromosome translocations have been 
associated with human leukemia and lymphoma. In 
many cases the study of these translocations has led to the 
discovery or characterization of proto-oncogenes, such as 
bcl-2, oabl t and c-myc, that are Located adjacent to the 
translocation. 1,2 It is now widely understood that cancer- 
associated translocations disrupt nearby proto-oncogenes. 

A distinct subtype of acute leukemia is characterized by 
the triad of B-lineage immunophenotype, eosinophilia, and 
the t(5;14)(q31;q32) translocation. 3 ' 4 Leukemic cells from 
such patients have been positive for terminal deoxynucleotidyl 
transferase (Tdt), common acute lymphoblastic leukemia 
antigen (CALLA), and CD19, but negative for surface or 
cytoplasmic immunoglobulin. In previous work, we cloned 
the t(5;14) breakpoint from one leukemic sample (Case 1) 
and determined that the IgH and interleukin-3 (IL-3) genes 
were joined by this abnormality. 5 In this report, we extend 
those findings by showing that the t(5;14)(q31;q32) translo- 
cation from a second leukemia sample (Case 2) has a similar 
structure, and we report our study of growth factor expres- 
sion in these patients. 

MATERIALS AND METHODS 

Samples and Southern blots. Case 1 has been described. 5 - 6 
Clinical features of Case 2 have been described in detail. 3 DNA 
isolation and Southern blotting was done using previously described 
methods. 5 Filters were hybridized with an immunoglobulin Jh probe, 
a 280 bp BamUl/EcoBl genomic IL-3 fragment, and an IL-3 
cDNAprobe. 7 - 8 

Northern blots. RNA Isolation and Northern blotting have been 
described. 9 Briefly, Northern blots were done by separating 9/*g 
total RNA on 1% agarose-formaldehyde gels. Equal RNA loading in 
each lane was confirmed by ethidium bromide staining. Blots were 
hybridized with an IL-3 cDN A probe extending to the Xho I site in 
exon 5, a 720 bp Sst l/Kpn I probe derived from intron 2 of the IL-3 
gene, a 600 bp Nhe l/Hpa I IL-5 cDNA probe, and a 500 bp Pst 
1/Nco I granulocyte-macrophage colony stimulating factor (GM- 
CSF) cDNA probe. 'a* 1 2 

Polymerase chain reaction Primers were designed with BamHl 
sites for cloning. One primer hybridized to the Jh sequences from the 
IgH gene (Primer 1 44;5'-TAGGATCCGACGGTGACCAGGGT) 1 
and the other hybridized to the region of the TATA box in the IL-3 
gene (Primer 161: 5'- AAC AGGATCCCX3CCTTATATGTGCAG) . 
Polymerase chain reaction (PCR) (95°C for 1 minute, 6l°C for 30 
seconds, and 72°C for 3 minutes) was done using 500 ng genomic 
DNA and 50 pmol of each primer in 100 j*L containing 67 mmol/L 
Tris-HCi pH 8.8, 6.7 mmol/L MgCl 2 , 10% dimethyl sulfoxide 
(DMSO), 170 Mg/mL bovine serum albumin (BSA) (fraction V), 



activity. There was no evidence of excess granulocyte/ 
macrophage colony stimulating factor (GM-CSF) or IL-5 
expression. Our data support the formulation that this 
subtype of leukemia may arise in part because of a 
chromosome translocation that activates the IL-3 gene, 
resulting in autocrine and paracrine growth effects. 
© 1990 by The American Society of Hematology. 

16.6 mmol/L ammonium sulfate, 1 .5 mmol/L each dNTP and Taq 
polymerase (Perkin-Bhner, Norwalk, CT). IJ 

Sequencing. Sequencing was done by chain termination in M 1 3 
vectors. 14 As part of this study, we sequenced a subclone of a normal 
. IL-3 promotor, covering 598 base^pairs from a Sma I site at position 
- 1240 (with respect to the proposed site of transcription initiation) 
to an Nhe I site at position -642. The plasmid containing this region 
was a gift from Naoko Arai of the DN AX Research Institute. 

Expression in Cos7 cells. A genomic IL-3 fragment from Case 1 
was cloned into the pXM expression vector. 10 Briefly, the Hindlll/ 
Sal I fragment containing the IL-3 gene was subcloned from the 
previously described phage clone 4 into pUC18. s The 2.6 kb 
fragment extending from the Sma I site 61 bp upstream of the 11^3 
transcription start to the Sma I site in the polylinker was cloned into 
the blunted Xho I site of pXM. The negative control construct was 
the pXM vector without insert Plasmids were introduced into Cos7 
cells by electroporation, and supernatant was collected after 48 
hours in culture. 

TFl bioassay. TF-1 cells were passaged in RPMI 1640 supple- 
mented with 10% heat-inactivated fetal bovine serum, 2 mmol 
L-glntamine,and I ng/mL human GM-CSF. 15 Samples and antibod- 
ies were diluted in this same medium lacking GM-CSF but contain- 
ing penicillin and streptomycin. A 25 ftL volume of serial dilutions of 
patient serum was added to wells in a flat bottom 96- well microliter 
plate. Rat anti-cytokine monoclonal antibody in a volume of 25 pL 
was added to appropriate wells and preincubatcd for I hour at 37°C. 
Fifty microliters of twice washed TF-I cells were added to each well, 
giving a final cell concentration of 1 x 10 4 cells per well (final 
volume, 100 pL). The plate was incubated for 48 hours. The 
remaining cell viability was determined metabolically by the colori- 
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Fig 1. Breakpoint sequences for Case 2. The germline IgJhS region sequence (protein coding region and recombination signal 
sequences are underlined) is on top, the translocation sequence from Case 2 (PCR primer sequences and putative N region ere underlined) 
is in the middle, and the germline IL-3 sequence, which we derived from a normal H.-3 done, is on the bottom. 7 + indicates that each 
sequence has the same nucleotide. The sequence documents the head-to-head joining of the IL-3 and IgH genes. The breakpoint in the IL 3 
gene occurred at position -934 (•). 



metric method of Mosmann using a VMax microliter plate reader 
(Molecular Devices. Mealo Park, CA) set at 570 and 650 nm. 1 * 

Cytokine immunoassays. These assays used rat monoclonal 
anti-cytokine antibodies (10 Mg/mL) to coat the wells of a PVC 
mictotiter plate. The capture antibodies used were BVD3-6G8, 
JES1-39D10, and BVD2-23B6, for the EW, 11^5, and GM-CSF " 
assays, respectively. Patient sera were then added (undiluted and 
diluted 1:2 for EL-3, undiluted for IL-5, and undiluted and diluted 
1:5 for GM-CSF). The detecting immunoreagents used were either 
mouse antiserum to IL-3 or nitroiodophenyi (NIP)-derivatized rat 
monoclonal antibodies JES1-5A2 and BVD2-21C11, specific for 
IL-5 and GM-CSF, respectively. Bound antibody was subsequently 
detected with immunoperoxidase conjugates: horseradish peroxidase 
(HRP)-labeied goat anti-mouse Ig for IL-3, or HRP-labeled rat (J4 
MoAb) anti-NIP for IL-5 and GM-CSF, The chromogenic sub- 
strate was 3-3'aano-bis-benzthiazoline sulfonate (ABTS; Sigma, St 
Louis, MO). Unknown values were interpolated from standard 
curves prepared from dilutions of the recombinant factors using 
Softmax software available with the VMAX microplate reader 
(Molecular Devices). 

RESULTS 

Leukemic DNA from Case 2 was studied by Southern 
blotting. When digested with the Hin dill restriction enzyme 
and hybridized with a human immunoglobulin heavy chain 
joining region ( Jh) probe, a rearranged fragment at approxi- 
mately 14 kb was detected (data not shown). Whenreprobed 
with either of two different IL-3 probes,.a rearranged 14 kb 
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fragment, oomigrating with the rearranged Jh fragment, was 
identified. Whea leukemic DNA was digested with ffindill 
plus EcoRl, a rearranged Jh fragment was detected at 6 kb. 
The IL-3 probes also identified a comigrating fragment of 
this size. These experiments indicated that the leukemic 
sample studied was clonal and that a single fragment 
contained both Jh and IL-3 sequences, suggesting a translo- 
cation had occurred. 

To characterize better the joining of the IL-3 gene and the 
immunoglobulin heavy chain (IgH) gene, the polymerase 
chain reaction (PCR) was used to clone the translocation. 13 
A Jh primer and an IL-3 primer were designed to produce an 
amplified product in the event of a head-to-head transloca- 
tion. While control DNA gave no PCR product, Case 2 DNA 
yielded a PCR-derived fragment of approximately 980 bp, 
which was cloned and sequenced. 

The DNA sequence of the translocation clone from Case 2 
confirmed the joining of the Jh region with the promotor of 
the IL-3 gene in a head-to-head configuration (Hg 1). 
Sequence analysis indicated that the breakpoint on chromo- 
some 14 was just upstream of the Jh5 coding region. The 
breakpoint on chromosome 5 occurred 934 bp upstream of 
the putative site of transcription initiation of the IL-3 gene. 
We also determined that a putative N sequence of 17 bp was 
inserted between the chromosome 5 and chromosome 14 
sequences during the translocation event. 17 - 18 Figure 2 shows 
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Fig 2. Relationship of chromosome 5 breakpoints to the IL-3 gene. This figure shows the two cloned breakpoints (arrows) fn relation to 
the normal IL-3 gene. 8 *" One breakpoint occurred at position -482 and the other at -934 (arrows). In both circumstances the 
translocations resulted fn a head-to-head joining of the IgH gone and the IL-3 gene, leaving the mBNA ana- protein coding regions of theV-3 
gene Intact. Boxes denote the five IL-3 axons; restriction enzymes are (B) SaroHJ, (f>) Pst I, (H) Hpa I, (E) EcoRI, and (X) Xho I. 
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. Fig 3. Documentation of IL-3 mRNA over-expression. A Northern blot was prepared and hybridized with a probe for IL-3. Lane 1 
contained RNA from unstimulated peripheral blood lymphocytes (PBL) as a negative control. Lane 2 contained RNA from PBL stimulated for 
4 hours with concanavalian A (ConAl, and lane 3 contained RNA from PBL stimulated with Con A for 48 hours. As in the positive control 
lanes (2 end 3), a 1 kb band was identified in the leukemic sample from Case 1 (lane 4. lower arrow), suggesting aberrant expression of the 
IL-3 gene. In addition, the leukemic sample showed over-expression of an unspliced 2.9 kb IL-3 transcript (lane 4, upper arrow). We 
documented that this represented an unspliced precursor of the mature 1 kb transcript by showing that this band hybridized to a probe 
from intron 2 of the IL-3 gene. A simitar 2,9 kb band was detected inlaneX suggesting that an IL-3 mRNA of this size is sometimes 
detectable In normal mttogen-stirnulated celts. Lane 6 through 10 represent RNA from six samples of B-tineage acute lymphocytic leukemia 
without the t(6;14) translocation, indicating that only the sample with the translocation exhibited IL-3 over-expression. Case 2 could not be 
analyzed by Northern btot because too few cells were available for study. 



the locations of the two cloned breakpoints in relation to the 
gene. The two chromosome 5 breakpoints were sepa- 
rated by less than 500 bp. 

The genomic structure in Cases 1 and 2 suggested that a 
normal IL-3 gene product was over-expressed as a result of 
the altered promotor structure. This would predict that the 
IL-3 gene on the translocated chromosome was capable of 
making IL-3 protein. This prediction was tested by express- 
ing a genomic fragment from the translocated allele of Case 
1 containing all five IL-3 exons under the control of the S V40 
promoter/enhancer in the Cos7 cell line. Cell supernatants 
were studied in a proliferation assay using the factor depen- 
dent erythroleukemic cell line, TF-1. The supernatants* 
derived from transections using the vector plus insert 
supported TF-l proliferation, while supernatants from trans- 
fections using the vector alone were negative in this assay 
(datanot shown). Furthermore, the biologic activity could be 
blocked by an antibody to human IL-3 (BVD3-6G8). This 
result showed that the translocated allele retained the ability 
to make IL-3 mRNA and protein. 

The level of expression of IL-3 mRNA in leukemic ceils 
from Case 1 was assessed. Northern blotting showed that the 
mature IL-3 mRNA (approximately 1 kb) and a 2.9 kb 
unspliced IL-3 mRNA were excessively produced by the 
leukemia (Fig 3). The 2.9 kb form of the mRNA is also 
present at low levels in normal peripheral blood T lympho- 
cytes after mitogen activation (Fig 3). Several B-lineage 
acute leukemia samples without the t(5;14) translocation 
had undetectable levels of IL-3 mRNA in these experiments. 
In addition, although genes for GM-CSF and IL-5 map close 
to the IL-3 gene and might have been deregulated by the 
translocation, no IL-5 or GM-CSF mRNA could be detected 
in the leukemic sample (data not shown). 19 * 20 

Three serum samples from Case 2 were assayed by 
immunoassay for levels of IL-3, GM-CSF, and IL-5 (Table 
1). Serum IL-3 could be detected and correlated with the 
clinical course. When the patient's leukemic cell burden was 



highest, the IL-3 level was highest. No serum GM-CSF or 
IL-5 could be detected. 

Since the IL-3 immunoassay measured only immunoreac- 
tive factor, we confimed that biologically active IL-3 was 
present by using the TF-1 bioassay. This bioassay can be 
rendered monospecific using appropriate neutralizing mono- 
clonal antibodies specific for IL-3, IL-5, or GM-CSF. We 
observed that sera from 1-16-84 and 3-14-84 contained TF-1 
stimulating activity that could be blocked with anti-IL-3 
MoAb (BVD3-6G8), but not with MoAbs to IL-5 (JES1- 
39D10) or GM-CSF (BVD2-23B6) (Fig 4; GM-CSF data 
not shown). The amount of neutralizable bioactivity in these 
two samples correlated very well with the difference in IL-3 
levels obtained by immunoassay for these samples. Further- 
more, the failure to block TF-1 proliferating activity with 
either^ anti-IL-5 or anti-GM-CSF was consistent with -the., 
inability to measure these factors by immunoassay and 



Table 1 . Peripheral Blood Counts and Growth Factor Levels 
at Different Times in Case 2 

SampFo Date 





11/15/03 


1/16/84 


3/14/84 


Peripheral blood counts (cells/jri.) 








WBC 


81,800 


116,500 


12,300 


Lymphoblssts 


0 


33,785 


0 


Eosinophils 


46,626 


73,080 


615 


Serum growth factor levels (pg/mU 








tL-3 


<444 


7,995 


1,051 


GM-CSF 


<15 


<15 


<15 


IL-5 


<60 


<50 


<50 



Peripheral blood counts from Case 2 at three different time points with 
the corresponding growth factor levels quantified by immunoassay. The 
patient received chemotherapy between 1/16/84 and 3/1 4/84 to lower 
his leukemic burden. 3 No serum samples were available for a similar 
analysis of Case 1. 

Abbreviation: WBC, white blood cells. 
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Fig 4. Btoassay of serum IL-3. Leukemic patient sera ware tested for bioactive IU3 and IL-6 In the TM proliferation assay. The 
reciprocal of the dilution {s Indicated on the horizontal axis and the optical density indicating the amount of profif oration is indicated on the 
vertical axis. Serum from all three time points was assayed simultaneously. The assay was rendered monospecific by using a 1 pg/mL final 
concentration of monoclonal rat antML~3. BVD3-6G8 {■). or antML-5, JES1-3 9D 10(A): D indicates no MoAb. Onl / 16/84 and 3/14/84 
inhibition of proliferation was evident in the presence of antML-3 antibody, documenting serum levels of IL-3 on those days. Serum IL-6 
was not detected in this assay, as antML-5 did not alter TF-1 proliferation. 



indicated that these other myeloid growth factors were not 
detectably circulating in the serum of this patient. 

DISCUSSION 

In this report, we have extended our analysis of acute 
lymphocytic leukemia and eosinophilia associated with the 
t(5;14) translocation. In both cases we have studied, we have 
documented the joining of the IL-3 gene from chromosome 5 
to the IgH gene from chromosome 14. The breakpoints on 
chromosome 5 are within 500 bp of each other, suggesting 
that additional breakpoints will be clustered in a small region 
of the IL-3 promotor. The PGR assay we have developed will 
be useful in the screening of additional clinical samples for 
this abnormality. 

The finding of a disrupted 11^3 promotor associated with 
an otherwise normal IL-3 gene implied that this transloca- 
tion might lead to the over-expression of a normal IL-3 gene 
product. In this work, we have documented that this is tnie. 
In addition, neither GM-CSF nor IL-5 are over-expressed by 
the leukemic cells. Furthermore, in one patient, serum IL-3 
could be measured and correlated with disease activity. To 
our knowledge, this is the first measurement of human IL-3 
in serum and its association with a disease process. The 
measurement of serum IL-3 in this and other clinical settings 
may now be indicated. 



The finding of the IL-3 gene adjacent to a cancer- 
associated translocation breakpoint suggests that its activa- 
tion is important for oncogenesis. It is our thesis that an 
autocrine loop for IL-3 is important for the evolution of this 
leukemia. 21 The excessive IL-3 production that we have 
documented would be one feature of such an autocrine loop. 
The final proof of our thesis must await additional data. In 
particular, from the study of additional clinical samples, it 
will be necessary to document that the IL-3 receptor is 
present on the leukemic cells and that anti-IL-3 antibody 
decreases proliferation of the leukemia in vitro. 

An important aspect of this work is the suggestion of a 
therapeutic approach for this disease. If an autocrine loop for 
IL-3 can be documented in this disease, attempts to lower 
circulating IL-3 levels or block the interaction of H>3 with 
its receptor may prove useful. Because it is also possible that 
the eosinophilia in these patients is mediated by the para- 
crine effects of leukemia-derived IL^3, similar interventions 
may improve this aspect of the disease. Antibodies or 
engineered ligands to accomplish these goals may soon be 
available. 
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Clinical and Pathologic Significance of the 
c-erbB-2 (HER-2/neu) Oncogene 

Timothy R Singleton and John G. Strickler 



The c-erbB-2 oncogene was first shown to have clinical significance in 1987 by 
Slamon et al, TO who reported that c-er&B-2 DNA amplification in breast carcino- 
mas correlated with decreased survival in patients with metastasis to axillary 
lymph nodes. Subsequent studies, however, of oerfcB-2 activation in breast 
carcinoma reached conflicting conclusions about its clinical significance. This 
oncogene also has been reported to have clinical and pathologic implications in 
other neoplasms. Our review summarizes these various studies and examines 
the clinical relevance of c-erfeB-2 activation, which has not been emphasized in 
recent reviews. ^a* 55 The molecular biology of the c-er&B-2 oncogene has been 
extensively reviewed 37 * 39 ' 55 and will be discussed only briefly here. 



BACKGROUND 

Tbe o-erbB-2 oncogene was discovered in the 1980s by three lines of investiga- 
tion. The neu oncogene was detected as a mutated transforming gene in 
neuroblastomas induced by ethylnitrosurea treatment of fetal rats A 73 - 7 ** 78 The c- 
erb&-2 was a human gene discovered by its homology to the retroviral gene v- 
er&B. 33 ' 49 ' 76 HER-2 was isolated by screening a human genomic DNA library for 
homology with v-er&B. 24 When the DNA sequences were determined subse- 
quently, c-eriB-2, HER-2, and neu were found to represent the same gene. 
Recently, the c~er&B-2 oncogene also has been referred to as NGL. 

The c-0rfoB-2 DNA is located on human chromosome llqZl 24 ^ 66 and codes 
for c-eriB-2 mRNA (4.6 kb), which translates oerbB-2 protein (pl85). This 
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protein is a normal component of cytoplasmic membranes. The c-eriB-2 
oncogene is homologous with, but not identical to, c-erfeB-1, which is located 
on chromosome 7 and codes for the epidermal growth factor receptor. wwThc c- 
er&B-2 protein is a receptor on cell membranes and has intracellular tyrosine 
kinase activity and an extracellular binding domain.* 1 * Electron microscopy 
with a polyclonal antibody detects c-erfeB-2 immunoreactivity on cytoplasmic 
membranes of neoplasms, especially oh microvilli and the non-villous outer cell 
membrane, 61 In normal cells, immunohistochemical reactivity for c-grhB-2 is 
frequently present at the basolateral membrane or the cytoplasmic membrane's 
brush border. 22 - 6 * 

There is experimental evidence that c^crfoB-2 protein may be involved in 
the pathogenesis of breast neoplasia. Overproduction of otherwise normal c- 
erbB-2 protein can transform a ceU line into a malignant phenotype. 25 Also, 
when the ne'U otfebgene containing an activating point mutation is placed m 
transgenic mice with a strong promoter for increased expression, the mice 
develop multiple independent mammary adenocarcinomas. 18 * 63 In other experi- 
ments, monoclonal antibodies against the neu protein inhibit the growth (in 
nude mice) of a neti-transfoimed cell line, 26 -* 8 and immunization of mice with 
neu protein protects them from subsequent tumor challenge with the neu- 
transformed cell line. 14 Some authors have speculated that the use of antago- 
nists for the unknown ligand could be useful in future chemotherapy. 8 * Further 
review of this experimental evidence is beyond the scope of this article. 

The c-erkB-2 activation most likely occurs at an early stage of neoplastic 
development. This hypothesis is supported by the presence of c-erfcB-2 activa- 
tion m both in situ and invasive breast carcinomas. In addition, studies of 
metastatic breast carcinomas usually demonstrate uniform c-eriB-2 activation 
at multiple sites in the same patient, iwmmwi although c-en&B-2 activation has 
rarely been detected in metastatic lesions but not in the primary tumor.*™ 8107 
Even more rarely, c-eriB-2 DNA amplification has been detected in a primary 
breast carcinoma but not in its lymph node metastasis. 5 In patients who have 
bilateral breast neoplasms, both lesions have similar patterns of c-eriB-2 activa- 
tion, but only a few such cases have been studied. 11 

MECHANISMS OF c-erbB-2 ACTIVATION 

The most common mechanism of c~erbB-2 activation is genomic DNA amplifica- 
tion, which almost always results in overproduction of c-«rfeB-2 mRNA and 
protein. l7a4(65 » 81 The c-erfoB-2 amplification may stabilize the overproduction of 
mRNA or protein through unknown mechanisms. Human breast carcinomas 
with c-erfcB-2 amplification contain 2 to 40 times more c-erfcB-2 DNA 4 * 3 and 4 to 
128 times more c-erbB-2 mRNA^ 90 than found in normal tissue. Most human 
breast carcinomas with o-erfcB-2 amplification have 2 to 15 times more c-er&B-2 
DNA. 1\imors with greater amplification tend to have greater overproduc- 
tion. 17 * 52 ' 65 The non-mammary neoplasms that have been studied tend to have 
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similar levels of c-erfeB-2 amplification or overproduction relative to the corre- 
sponding normal tissue. 

The second most common mechanism of oerbB-2 activation is overproduc- 
tion of c-er&B-2 mRNA and protein without amplification of c-erfcB-2 DNA. 81 ! 
The quantities of mRNA and protein usually are less than those in amplified I 
cases and may approach the small quantities present in normal breast or other 5 
tissues. 17 rSo,s* The c-er&B-2 protein overproduction without mRNA overproduce I 
tion or DNA amplification has been described in a few human breast carcinoma | 
cell lines. 47 \ 

Other rare mechanisms of c-ariB-J activation have been reported. Translo- ] 
cations involving the c-er&B-2 gene have been described in a few mammary and 
gastric carcinomas, although some reported cases may represent restriction 
fragment length polymorphisms or incomplete restriction enzyme digestions 
that mimic tmn^tSc»tions. 3l » 6S ' 7 ^ M ' B ^ lc8 A single point mutation in the transmem- 
brane portion of neu has been described in xat neuroblastomas induced by 
ethylnitrosureai 9 - 85 The mutated neu protein has increased tyrosine kinase activ- 
ity and aggregates at the cell membrane. l0 - 83 - 98 Although there has been specula- 
tion that some of the amplified c-eriB-2 genes may contain point mutations, 46 I 
none has been detected in primary human neoplasms.^ 1 ' 53 ' 51 

TECHNIQUES FOR DETECTING *erf>B-2 ACTIVATION 
Detection of c«erf>B-2 DNA Amplification 

Amplification of e-er6B~2 DNA is usually detected by DNA dot blot or South- 
ern blot hybridization. In the dot blot method, the extracted DNA is placed 
directly on a nylon membrane and hybridized with a oer&B-2 DNA probe. In 
the Southern blot method, the extracted DNA is treated with a restriction \ 
enzyme, and the fragments are separated by electrophoresis, transferred to a 
nylon membrane, and hybridized with a c-^rfeB-2 DNA probe. In both tech- 
niques, c-erfcB-2 amplification is quantified by comparing the intensity (riiea- 
sured by densitometry) of the hybridization bands from the sample with those I 
from control tissue. 

Several technical problems may complicate the measurement of c-erfcB-2 
DNA amplification. First, the extracted tumor DNA may be excessively de- 
graded or diluted by DNA from stromal cells. 8 * Second, the c-er&B-2 DNA 
probe must be carefully chosen and labeled. For example, oligonucleotide c- 
erfcB-2 probes may not be sensitive enough for measuring a low level of c-erbB- 
2 amplification, because diploid copy numbers can be difficult to detect (unpub- 
lished data). Third, the total amounts of DNA in the sample and control tissue 
must be compensated for, often with a probe to an unamplified gene. Many 
studies have used control probes to genes on chromosome 17, the location of c- 
crfoB-2, to correct for possible alterations in chromosome number. Identical 
results, however, are obtained by using control probes to genes on other chro- 
mosomes, 5 65 - 80 with rare exception. 17 Studies using control probes to the beta- 
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globin gene must be interpreted with caution, because one allele of this gene is 
deleted occasionally in breast carcinomas. 3 

Amplification of c-er&B-2 DNA was assessed by using the polymerase 
chain reaction (PCR) in one recent study 32 Oligoprimers for die gene 
and a control gene are added to the sample s DNA, and PCR is performed. If 
the sample contains more copies of c-er fcB-2 DNA than of the control gene, the 
c-erf>B-2 DNA is replicated preferentially. 



1 J 



Detection of c-ert>B«2 mRNA Overproduction 

Overproduction of c-erfcB-2 mRNA usually is measured by UNA dot blot or 
Northern blot hybridization. Both techniques require extraction of RNA but 
otherwise are analogous to DNA dot blot and Southern blot hybridization. Use 
of PCR foF-detection of c^r£>B-2 mRNA has been described in'two recent 
abstracts. 8 * 104 

Overproduction of c-er&B-2 mRNA can be measured by in situ hybrida- 
tion. Sections are mounted on glass slides, treated with protease, hybridized 
with a radiolabeled probe, washed, treated with nuclease to remove unbound 
probe, and developed for autoradiography. Silver grains are seen only over 
tumor cells that overproduce c-erfcB-2 mRNA. Negative control probes are 
used. 65 -* 106 Our experience indicates that these techniques are relatively insensi- 
tive for detecting c-erbB~2 mRNA overproduction in routinely processed tis^ 
sue. Although the sensitivity may be increased by modifications that allow 
simultaneous detection of c-erfeB-2 DNA and mRNA, in situ hybridization still 
is cumbersome and expensive (unpublished data). £ j 

All of the above c-erfcB-2 mRNA detection techniques have several prob- ^ 
lems that make them more difficult to perform than techniques for detecting |* 
,r # . DNA amplification. One major problem is the rapid degradation of RNA in | 

! \ tissue that is not immediately frozen or fixed. In addition, during the detection % \ 

; { * procedure, RNA can be degraded by RNase, a ubiquitous enzyme, which must 

' 1 1 be eliminated meticulously from laboratory solutions. Third, control probes to 

i t • genes that are uniformly expressed in the tissue of interest need to be carefully 

: V : selected. " 
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OetecUon of c*ert>B-2 Protein Overproduction 1 1 

The most accurate methods for detecting c-er*B-2 protein overproduction are | f 

the Western blot method and immunoprecipitation. Both techniques can docu- ,| \ 

ment the binding specificity of various antibodies against c-erfcB-2 protein. In | i 

Western blot studies, protein is extracted from the tissue, separated by electro- | • 

phoresis (according to size), transferred to a membrane, and detected by using an- | • 

tibodies to c-er&B-2. In immunoprecipitation studies, antibodies against c-er&B- | j 

2 are added to a tumor lysate, and the resulting protein-antibody precipitate is | [ 

separated by gel electrophoresis and stained for protein. Both Western blot and | \ 
immunoprecipitation are useful research tools but currently are not practical for 
diagnostic pathology. Two recent abstracts have described an emcyme-linked 
immunosorbent assay (ELISA) for detection of c-erfrB-2 protein. 18 . 45 
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Overproduction of oerbB-2 protein is most commonly assessed by various 
immunohistochemical techniques. These procedures often generate conflicting 
results, which are explained at least partially by three factors. First, various 
studies have used different polyclonal and monoclonal antibodies. Because j 
some polyclonal antibodies recognize weak bands in addition to die c-erfcB-2 | 
protein band on Western blot or immunoprecipitation, the results of these 
studies should be interpreted with caution. 22 * 36 - 47 ' 61 Even some monoclonal anti- 
bodies immunoprecipitate protein bands in addition to c-6rfcB-2 (P185). 30 * 59 ' 88 
Second, tissue fixation contributes to variability between studies. For example, 
some antibodies detect c-erfcB-2 protein only in frozen tissue and do not react 
in fixed tissue. In general, formalin fixation diminishes the sensitivity of 
immunohistochemical methods and decreases die number of reactive cells. 81,86 
When .Bpuuvs fixative is~used, there^ may be a higher percentage of positive 
cases.* 2 Third, minimal criteria for interpreting immunohistochemical staining . 
are generally lacking. Although there is general agreement that distinct crisp 
cytoplasmic membrane staining is diagnostic for c-erf>B-2 activation in breast 
. carcinoma, the number of positive cells and the staining intensity required to 
diagnose c-erl>B-2 protein overproduction varies from study to study and from 
antibody to antibody. Degradation of c-erfcB-2 protein is not a problem because 
it can be detected in intact form more than 24 hours after tumor resection 
without fixation or freezing, 64 

ACTIVATION OF c-erf>B-2 IN BREAST LESIONS 
incidence of oerfiB-2 Activation 

Most studies of c-er&B-2 oncogene activation do not specify histological sub- 
types of infiltrating breast carcinoma. Amplification of c-erfcB-2 DNA was found 
in 19.1 percent (519 of 2715) of invasive carcinomas in 25 studies (Ibble 1), and 
c^rfcB-2 mRNA or protein overproduction was detected in 20.9 percent (566 of 
2714) of invasive carcinomas in 20 studies. Twelve studies have documented c- 
erfcB-2 mRNA or protein overproduction in 15 percent (88 of 604) of carcinomas 
that lacked c-erbB-2 DNA amplification. 

The incidence of c-erf>B-2 activation in infiltrating breast carcinoma varies 
with the histological subtype. Approximately 22 percent (142 of 650) of infiltrat- 
ing ductal carcinomas have c-er&B-2 activation, as expected from the above 
data. Other variants of breast carcinoma with frequent c-erbB-2 activation are 
inflammatory carcinoma (62 percent, 54 of 87), Paget's disease (82 percent, 9 of 
11), and medullary carcinoma (22 percent, 5 of 23). In contrast, c-eriB-2 activa- 
tion is infrequent in infiltrating lobular carcinoma (7 percent, 5 of 73) and 
tubular carcinoma (7 percent, 1 of 15). 

The c-erfeB-2 protein overproduction is present in 44 percent (44 of 100) of 
ductal carcinomas in situ and especially comedocarcinoma in situ (68 percent, 
49 of 72). The raicropapillary type of ductal carcinoma in situ also tends to have 
c-er&B-2 activation, 40 * 54 ' 68 especially if larger cells are present. The greater fre- 
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quency of c-erbB-2 protein overproduction in comedocarcinorna in situ, com- 
pared with infiltrating ductal carcinoma, could be explained by the fact that 
many infiltrating ductal carcinomas arise from other types of intraductal carci- 
noma, which show oer&B-2 activation infrequently. Others have speculated 
that carcinoma in situ with c-erhB-2 activation tends to regress or to lose c- 
er&B-2 activation during progression to invasion, 40 - 68 82 Infiltrating and in situ 
components of ductal carcinoma, however, usually are similar with respect to c- 
erbS-2 activation, 1139 although some authors have noted more heterogeneity of 
the immunohistoehemical staining pattern in invasive than in in situ carci- 
noma. 40 * 43 ' 88 Activation of.c-erfcB-2 is infrequent in lobular carcinoma in situ. If 
lesions contain more than one histological pattern of carcinoma in situ, the c- 
erfcB-2 protein overproduction tends to occur in the comedocarcinorna in situ 
but may include "other areas of carcinoma in situ. 42 ^ 68 Overproduction of c- 
er&B-2 protein in ductal carcinoma in situ correlates with larger cell size and a 
periductal lymphoid infiltrate. 68 

Activation of c-erfcB-2 has not been identified in benign breast lesions, 
including fibrocystic disease, fibroadenomas, and radial scars (Table 2), Strong 
membrane immunohistoehemical reactivity for c-erfcB-2 has not been described 
in atypical ductal hyperplasia, although weak accentuation of membrane staining 
has been noted iirfrequently. 39 ^ 54 In normal breast tissue, o-erfeB-2 DNA is 
diploid, and c~erbB-2is expressed at lower levels than in activated tumors. 34 - 3 * 6 * 88 
These preliminary data suggest that c-erfcB-2 activation may not be useful 
for resolving many of the common problems in diagnostic surgical pathology. For 
example, c-erfcB-2 activation is infrequent in tubular carcinoma and radial scars. 
In addition, because c-erbB-2 activation is unusual in atypical ductal hyperplasia, 
cribriform carcinoma in situ, and papillary carcinoma in situ, detection of c-erfeB- 
2 activation in these lesions may not be helpful in their differential diagnosis. The 
histological features of comedocarcinorna in situ, which commonly overproduces 
c-er&B-2, are unlikely to be mistaken for those of benign lesions. Activation of 



TABLE 2. c-erf>B~2 ACTIVATION IN BENIGN HUMAN BREAST LESIONS 



Histological Diagnosis 


c-erbB-2 DNA 
Amplrfic&tlorv 


c-erbB-2 mRNA 
Overproduction 


c-ernB-2 Protein 
Overproduction 


Fibrocystic disease 


0/10» 




0/32 ^O^w 0/8** 


Atypical ductal hyperplasia 






2(weak)/21» 






licytoplasmJoJ/ia 38 


Benign ductal hyperplasia 






0/12 38 


Sclerosing adenosis 






0/4® 


Fibroadenomas 


0/16 » 0/6* 


0/6 * Q/3 3 * 


0/21 » 0/10 f* 




0/2* 0/1* 




0/8»0/3« 


Radial scars 






0/2239 


Blunt duct adenosis 






0/1 4 M 


"Breast mastoals n 




0/3 w 





•Shown as number oJ cases with acthraltorrtTumber ol cases studied; reference Is given as a superscript 
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c-erfeB-2, however, does favor Infiltrating ductal carcinoma over infiltrating 
lobular-carcinoma. Further studies of these issues would be useful. 

Correlation of ceroB-2 Activation With Patholofllc M^MM 

Multiple studies have attempted to correlate c-eriB ; 2 activataon with various 
pathologic prognostic factors (Table 3). Activation of c^rfeB-2 was correlated 
with lyn?pb node metastasis in 8 of 28 series, with higher histological grade in 6 
of 17 Ses. and with higher stage in 4 of 14 ^VSTSLSSwS 
associated with c-er&B-2 activation in most studies (11 of 14). Tetmploid DNA 
intent and low proliferation, measured by Ki-67, have been suggested as 
prognostic factors and may correlate with c-erfcB-2 activation." 

Correlation of c-erMW Activation WKh Clinical Prognostic Factors 

£ious studies have attempted also to correlatec-er&B-2 activation wjth clinical 
features that may predict a poor outcome (Table 4) Achvatmn of c^rtB-2 
correlated with absence of estrogen receptors in 10 of 28 series and wi* ab- 
sence of progesterone receptors in 6 of 18 series. In most studies patient 
did not Prelate with c-erfcB-2 activation, and, in the rest of the reports, c- 
erbB-2 activation was associated with either younger or older ages. 

Correlation of c-erbB-2 Activation With Patient Outcome 

Slamon et al*» first showed that amplification of the c^rfcB-2 oncogene mde- 
pendently predicts decreased survival of patients with breast carcmomajhe 
Lrrelation of c-erbB-2 amplification with poor outcome was nearly as strong as 
the correlation of number ofinvolved lymph nodes with poor outcome. Slamon 
et al also reported that c-erfcB-2 amplification is an important prognosbc indica- 
tor only in patients with lymph node metastasis.* 81 

A large number of subsequent studies also attempted to correlate c^r6B-2 
activation with prognosis CTable 5). In 12 series, there was a correlation be- 
tween oer*B-2 activation and tumor recurrence or decreased sumval. In five 
of these series, the predictive value of c-erfcB-2 activation was reported tobe 
independent of other prognbstic factors. In contrast, 18 series did not confirm 
the correlation of cerbB-2 activation with recurrence or sumval. Four possible 
explanations for this controversy are discussed below. 

P One problem Is that cerbB-2 amplification correlates wfth jroguos* 
mainly in patients with lymph node metastasis. As summanzed m Table S .most 
Sudies of patients with axiUary lymph node metastasis showed a 
c-erfcB-2 Ovation with poor outcome. In contrast, most studies of patients 
Jthout axillary metastasis have not demonstrated a correlation with patient 
o55£SE 6 summarizes the studies in which aU patients (with and JA- 
out axillary metastasis) were considered as one group There is a trend for 
studies vSh a higher percentage of metastatic cases to show 
between c-erfeB-2 activation and poor outcome. Thus, most of ^the current 
evidence suggests that c-erfcB-2 activation has prognostic value only m patients 
with metastasis to lymph nodes. 
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TABLE 5, CORRELATION OF c-erbM ACTIVATION WITH OUTCOME IN PATIENTS 
WITH BREAST CARCINOMA 



Number of Patients 



Type of 



With 
MetaBtasVs to 



No 



Statistical 



Hi 

r* 




Total 


Lvmah Modes Metastases 


Analysis 0 


Reference 


<0.05 


DNA 


176 




M 


67 


<0.05 


DMA 


61 




U 


60 


<0.05 


DNA 


57 




U 


65 


<0.05 


DNA 


41 




u 


nn 

93 


<0.05 


tnRNA 


62 




u 


65 


<0.05 


Protein 


102 


• ' ; -' 


M 


101 


<0.05 


DNA 




345 


M 


61 


<0.05 


DNA 




120 


U 


17 


<0.05 


DNA 




91 


U 


87 


<0.05 


DNA 




86 


M 


79 


<0.05 


Protein-WB 




350 


M 


85 


<0.05 


Protein 




62 44 


U 


101 


0.05-0.15 


DNA 


57 




u 


111 


0.05*0.15 


Protein 


169 




M 


92 


0.05-0.15 


Protein 




120 


U 


66 


>0.15 


DNA 


130 




u 


113 


>0.15 


DNA 


122 




M 


4 


>0.15 


DNA 


50 




U 


44 


>0.15 


mRNA 


57 




U 


50 


>0.15 


Protein 


290 




M 


66 


>0.15 


Protein 


195 




U 


11 


>0.15 


Protein 


102 




U 


39 


>0.15 


Protein 




137 


u 


17 


>0.15 


DNA 




181 


M 


81 


>0.15 


DNA 




159 


U 


17 


>0.t5 


DNA 




73 


u 


87 


>0.15 


Proteln-WB 




378 


u 


85 


>0.15 


Proteln-WB 




192 


u 


17 


>0,15 


Protein 




141 


u 


86 


>0.15 


Protein 




41 


u 


40 



■The endpolnts of these sludlea were tumor recurrence or decreased survival or both. Correlation between c- 
eroB-2 activation and a poorer patient outcome Is statistically significant at <0.Q5, to of equivocal slgnlflcance 
at O.OS to 0.1 6, and is not significant at >0.1 5. 

°Shown as variable measured. Letters «WB" indicate assay by Western blot; the other protein studies used 
unmunohlstochamteal methods. 

C M = multivariate statistical analysis; U - univariate statistical analysis. 
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TABLE 6. PERCENTAGE OF BREAST CARCINOMAS WITH METASTASIS COMPARED 
WTTH PROGNOSTIC SIGNIFICANCE OF frer*B-2 ACTIVATION 



70- 



% of tumors with 
lymph node 
metastasis In 
each study 



60- 



60- 



40- 



71 (DNA)» 



61 (ONAP 

59 (DNA)* 
58(Prote!n) 10t 



64(DNA)*n 



42(ProtelnP 



+ 



P<0.05 



0.05<P<0.15 



84 (mRNA) 60 
61(DNA)< 



58 (ONA) 44 
57(DNA)" 3 
55(Prote!n)» 

48(Proteir>)" 
46(Proleln)» 



p>o:is 



P for correlation of c-erbB-2 activation with patient outcome. 

Each study's percentage of breast cardnomae with metastasis ia compared with the corretaSon between c- 
e/oB-2 activation and outcome. These data include only those studies that considered, as one group, an breast 
cancer patients, whether or not they had axifeuy metastasis. Superscripts are the references. In parentheses 
are the typos o! oert>B-2 activation. P values are Interpreted as In Table 3. 



A second problem is that various types of breast carcinoma are grouped 
together in many survival studies. Because the current literature suggests that 
c-erfeB-2 activation is infrequent in lobular carcinoma, studies that combine 
infiltrating ductal and lobular carcinomas may dilute the prognostic effect of c- 
activation in ductal tumors. In addition, most studies do not analyze 
inflammatory breast carcinoma separately. This condition frequently shows c- 
eriB-2 activation and has a worse prognosis than the usual mammary carci- 
noma, but it is an uncommon lesion. 

A third potential problem is the paucity of studies that attempt to correlate 
c-erfcB-2 activation with clinical outcome in subsets of breast carcinoma without 
metastasis. Two recent abstracts reported that in patients without lymph node 
metastasis who had various risk factors for recurrence (such as large tumor size 
and absence of estrogen receptors), c-erfcB-2 overexpression predicted early 
recurrence. 23 - 67 In patients with ductal carcinoma in situ, one small study found 
no association between tumor recurrence and c-erfeB-2 activation.^ 

A fourth problem is the lack of data regarding whether the prognosis 
correlates better with c-^rtB-2 DNA amplification or with mBNA or protein 
overproduction. Most studies that find a correlation between c-*ribB-2 activa- 
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tion and poor patient outcome measure c-erbB-2 DNA amplification (Table 5), 
and breast carcinoma patients with greater amplification of c-^rfeB-2 may have 
poorer survival, 79 81 Recent studies suggest that amplification has more prognos- 
tic poweT than overproduction,* 7 - 3 * 35 but the clinical significance of c-erbB-2 
overproduction without DNA amplification deserves further research. 17 '® Few 
studies have attempted to correlate patient outcome with c-erfcB-2 mRNA 
overproduction, and many studies of c-*rfcB-2 protein overproduction use rela- 
tively less reliable methods such as immunohistochemical studies with poly- 
clonal antibodies. 

Comparison of c-ert>B-2 Activation With Other Oncogenes in 
Breast Carcinoma 

Other oncogenes that may have prognostic implications in human breast cancer 
are reviewed elsewhere. 71 * 106 This section will be restricted to a comparison 
between the clinical relevance of c-er&B-2 and these other oncogenes. 

Hie c-myc gene is often activated in breast carcinomas, but c-myc activa- 
tion generally has less prognostic importance than c-erfcB-2 activation. 21 ' 34 * 77 ' 67 ' 93 
One study found a correlation between increased mRNAs of c-erbB-2 and c- 
myc, although other reports have not confirmed this. 34 - 106 Subsequent research, 
however, could demonstrate a subset of breast carcinomas in which omyc has 
more prognostic importance than c-eriB-2. 

The gene c-eriB-1 for the epidermal growth factor receptor (EGFR) is 
homologous with c-er&B-2 but is infrequently amplified in breast carcinomas. 79 
Overproduction of EGFR, however, occurs more frequently than amplification 
and may correlate with a poor prognosis. In studies that have examined both c- 
erfeB-2 and EGFR in the same tumor, c-er&B-2 has a stronger correlation with 
poor prognostic factors. 35 * 52 Studies have tended to show no correlation between 
amplification of oer&B-2 and c-er&B-l or overproduction of c-er&B-2 and EGFR, 
although at the molecular level EGFR mediates phosphorylation of c-erbB-2 
protein, 51 ' 5 * 61 '* 8 ' 100 Recent reviews describe EGFR in breast carcinoma. 43 ' 100 

The genes c-er&A and ear-1 are homologous to the thyroid hormone recep- 
tor, and they are located adjacent to c-erfcB-2 on chromosome 17. These genes 
are frequently coamplified with c-erbB-2 in breast carcinomas. The absence of 
c-er&A expression in breast carcinomas, however, is evidence against an impor- 
tant role for this gene in breast neoplasia. 90 Amplification of c-erfoB-2 can occur 
without ear-1 amplification, and these tumors have a decreased survival that is 
similar to tumors with both c-erfeB-2 and ear -1 amplification. 87 Consequently, 
c-eriB-2 amplification seems to be more important than amplification of c*erbk 
or ear-1. 

Other genes also have been compared with c-er&B-2 activation in breast 
carcinomas , One study found a significant correlation between increased c-erfcB- 
2 mRNA and increased mRNAs of /as, platelet-derived growth factor chain A, 
and Ki-ras. 106 Allelic deletion of c-Ha-rav may indicate a poorer prognosis in 
breast carcinoma, 21 but it has not been compared with c-erfeB-2 activation. Some 
studies have suggested a correlation between advanced stage or recurrence of 
• breast carcinoma and activation of any one of several oncogenes 
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ACTIVATION OF C-ertB-2 IN NON-MAMMARY TISSUES 

Incidence of c-ertoB-2 Activation in Non-Mammaiy Tissues 

Table 7 summarizes the normal tissues In which c-er6B-2 expression has been 
detected, usually with iminunohistochemical methods using polyclonal anti- 



TABLE 7. PRESENCE OR ABSENCE OF «rt>B-2 mRNA OR oetfB-2 PROTEIN IN 
NORMAL HUMAN TISSUES __ 



Tissues With 



c*eroB«2 


Tissues Producing 


mRNA 


c-erbB-2 Protein* 


Skin" 


Epidermis 58 




Externa! root sheath 66 




Eccrlne sweat gland 56 




Fetal oral mucosa 82 




Fetal esophagus 62 


Stomach 8 * 


Stomach 2 *- 6 * 




Fetal Intestine"* 


Jejunum* 


Small intestine 22 * 2 


Colon" 


Coton 22 * 62 


Kidney 2 * 


Fetal kidney** 




Fetal proximal tubule* 2 




Distal tubule 62 




Fetal collecting duct 62 




Fetal renal pelvis 88 




Fetal ureter 62 


Liver 24 


Hepatocytes 22 




Pancreatic acini 22 




Pancreatic ducts 22 - 63 




Endocrine cells ot Islets 




of Langerhans 22 


M^ng 24 - 


. FetaUrachea 62 .. 




" Fetal bronchioles 62 




Bronchioles™ 



Tissues Locking 
cerbB-2 mRNA 



Tissues Lacking 
cerbB* Protein 



Kidneys' 64 



Fetal brain 24 

Thyroid 1 
Uterus 24 



Placenta 24 



Fetal ganglion cells 62 



Ovary 12 

Blood vessels 42 



Postnatal oral mucosa 62 



Glomerulus 62 

Postnatal Bowman's capsule 62 
Postnatal proximal tubule 62 

Posmatal collecting duct 62 
Postnatal renal pelvis 62 
Postnatal fetal ureter 62 

liver** 5 



Pancreatic Islets 63 

Postnatal trachea 62 
Postal bronchioles 62 

Postnatal alveoli 62 -* 
Postnatal brain 62 
Postnatal ganglion cells 62 



Endothelium 62 

Adrenocortical cells 62 
Postnatal thymus 62 
Fibroblasts 62 
Smooth muscle ceils 62 
Cardiac muscle cells 62 



-This protein study used Western blote: the real used Immunochemical methods. 
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bodies. Only a few studies have been performed, and some of these do not 
demonstrate convincing cell membrane reactivity in fixe published photo- 
graphs. The interpretations in these studies/ however, are listed, with the 
caveat that these findings should be confirmed by immunoprecipitatton or 
Western or RNA blots. Production of c-er6B-2 has been identified in normal 
epithelium of the gastrointestinal tract and skin. Discrepancies regarding o 
erfeB-2 protein in other tissues could be due, at least in part, to differences in 
techniques. 

The data on c-ertB-2 activation in various non-mammary neoplasms 
should be interpreted with caution, because only small numbers of tumors have 
been studied, usually by immunohistochemical methods using polyclonal anti- 
bodies. Studies using cell lines have been excluded, because cell culture can 
induce amplification and overexpression of other genes,.,?dthough this has. not 
been documented for c-erbB-2. 

Activation of has been identified in 32 percent (64 of 203) of 

ovarian carcinomas in eight studies (Table 8). One abstract 45 stated that ovarian 
carcinomas contained significantly more c-eriB-2 protein than ovarian non- 
epithelial malignancies. Another report 81 showed that 12 percent of ovarian 
carcinomas had c-er6B-2 overproduction without amplification. 

Activation of c-erbB-2 has been identified in 20 percent (40 of 198) of 
gastric adenocarcinomas in seven studies, Including 33 percent (21 of 64) of 



TABLE 8. c-erbB-2 ACTIVATION IN HUMAN GYNECOLOGIC TUMORS 8 







c-ert>B-2 


c*erf>B*2 






mRNA 


Protein 




c-ercB-2 DMA 


Over- 


Over- 


Tumor Type 


Amplification 


production 


production 


Ovary— carcinoma, not otherwise 


31/120*1/11* 


23/67* 


23/73« 


specified 


0/6 r «"Q/6,"<W3,<« 




36/72*i 


0/2*0/11" 






Ovary— sarous (papillary) carcinoma 


#7,110*1/7, us 0/6* 






Ovary— endometrioid carcinoma 


0/3"° 






Ovary— mucinous carcinoma 


1/2M0 0/1*2 






Ovary— clear cell carcinoma 


O/2, 1 «0/1 7S! 






Ovary— mixed epithelial carcinoma 


0/2* 






Ovary— endometrioid borderline tumor 


0/1" 






Ovary— mucinous borderline tumor 


0/3™ 






Ovary — serous cystadenoma 


0/472 






Ovary— mucinous cystadenoma 


0/2* 






Ovary — sclerosing stromal tumor 


0/1 72 






Ovary— flbrothecoma 


071* 






Uterus— endometrial adenocarcinoma 


0/4 » 0/1"« 







'Shown as number ot cases with amplification (or overproductlon)/total number of cases studed; reference is 
given as superscript All protein studies used Immunohistocnemfcal methods. 
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intestinal or tubular subtypes and 9 percent (4 of 47) of diffuse or signet ring cell 
subtypes (Table 9). Activation of e-erbB-2 has been detected in 2 percent (6 of 
281) of colorectal carcinomas, although an additional immunohistochemical 
study detected c-erbB-2 protein in seven of eight tissues fixed in Bouin's solu- 
tion. One study found greater immunohistocheinical reactivity for c-erii-2 
protein in colonic adenomatous polyps than in the adjacent normal epithelium, 
using Bouin's fixative. Lesions with anaplastic features and progression to inva- 
sive carcinoma tended to show decreased immunohlstochemical reactivity for c- 
erfcB-2 protein- 22 Hepatocellular carcinomas (12 of 14 cases) and cholangiocarci- 
nomas (46 of 63 cases) reacted with antibodies against o~er &B-2 in one study, but 
some of these "positive 1 ' cases showed only diffuse cytoplasmic staining, which 

TABLE ft c-6rt>B-2 ACTIVATION IN HUMAN GASTROINTESTINAL TUMORS' 

Protein 





c-ertoB-2 DMA 


Over- 


Tumor Type 


Amplification 


production 


Esophagus— squamous cell carcinoma 


0/1 w 


071" 


Stomach— carcinoma, poorly differentiated 


Q7221M 




Stomach— adenocarcinoma 


2/24« 2/9 in 
2/8" 0/1™ 


4/27 » 3/10* 


Stomach— carcinoma, intestinal or tubular type 


5710™ 


16/64» 


Stomach— carcinoma, diffuse or signet ring cell type 


0/2toe 


4/4S* 9 


Colorectum— carcinoma 


2/49 m 1/45,™ 
1/45," 1/45 « 
0/40 « Q/32, 1W 073« 


1/22*7/8^ 


Colon— villous adenoma 


Q/150 




Colon— tubulovillous adenoma 


015?* 




Colon— tubular iadenoma 


Q/7« 


19/19** 


Colon— hyperplastic polyp 


0/1" 




Intestine— leiomyosarcoma 




0/1* 1 


Hepatocellular carcinoma 


0/12«i 


12/14 « O/a 6 ^ 


Hepatoblastoma 


o/iw 




Choriocarcinoma 




46/63» 


Pancreas — adenocarcinoma 




2/BO«i c 072* 


Pancreas— acinar carcinoma 




0/1 41 


Pancreas— clear cell carcinoma 




0/2*1 


Pancreas— large cell carcinoma 




0/3 41 


Pancreas— signet ring carcinoma 




on* 


Pancreas— chronic inflammation 







'Shown as number of cases with amplification (or overproducUon)/lotai number of cases studied; reference Is 
given as superscript. All protein studies used Immunohistochemlcai methods. No studies analyzed tor c-e/68- 
2mRNA> 

^Tissues fixed in Bouin's solution. 

'Only cases with distinct membrane staining are Interpreted as showing o«e/t>B-a overproduction, 
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TABLE 1ft cgWj ACTIVATION IN HUMAN PULMONARY TUMORS 8 







c-erbB-2 




o-erbB-2 DNA 


Protein 


Tumor Typo 


Amplification 


Overproduction 


Non-small cell carcinoma 




1/84» 


Epidermoid carcinoma 


0/13«0A1O,"0/6» 


3/5" 


Adenocarcinoma 


0/21 * 1/13.=° 077,'" 077 » 0/3'" 


4/1 2» 


Large cell carcinoma 


Q/9,«D/6» 




Small call carcinoma 




0/26»Q/3» 


Carcinoid tumor 


0/1* 


073« 



. 'Shown as number of oases with amplification (or overproductlonytota! number of cases studied; reference Is 
given as superscript All protein studies used imrmmohiatochamtea) methods. No studies analyzed for c-enfaB- 
2 mRNA* 



does not indicate c-er&B-2 activation in breast neoplasms. 95 Also, some pancre- 
atic carcinomas and chronic pancreatitis tissue had cytoplasmic immunohisto- 
chemical reactivity for c-er&B-2 protein, in addition to the rare case of pancre- 
atic adenocarcinoma with distinct cell membrane staining. 41 

Tables 10 through 14 summarize the studies of c-0r£>B-2 activation in other 
neoplasms. The c-erfcB-2 oncogene is not activated in most of these tumors, 
Activation of c-er£B-2 has been detected in 1 percent (4 of 299) of pulmonary 
non-small cell carcinomas in nine studies, although one additional report 09 
found c-er&B-2 protein overproduction in 41 percent (7 of 17). Renal cell carci- 
noma had c-erfcB-2 activation in 7 percent (2 of 30) in four studies. Overproduc- 
tion of c-er&B-2 protein was described in one transitional cell carcinoma of the 
urinary bladder, a grade 2 papillary lesion. 58 Squamous cell carcinoma and basal 
cell carcinoma of the skin may contain c-*rfcB-2 protein, but it is not clear 



TABLE 11. c-erhB-2 ACTIVATION IN HUMAN HEMATOLOGIC PROLIFERATIONS* 







e-erfrB-2 


c-erfcB»2 






mRNA 


Protein 




c*erbB-2 DNA 


Over- 


Over- 


Tumor Type 


Amplification 


production 


production 


Hematologic malignancies 


0723 111 






Malignant lymphoma 


G79»0/3 107 


GY1 1 


0/15* 


Acute leukemia 


0/14*7 






Acute lymphoblastic leukemia 


0/1 107 






Acute myeloblasts leukemia 


0/3^ 






Chronic leukemia 


0710 s7 






Chronic lymphocytic leukemia 


0/6i« 






Chronic myelogenous leukemia 


0/8^ 






Myeloproliferative disorder 


0/1 » 







"Shown as number of oases with amplification (or overproducflonVtotat number of cases studied; reference to 
given as superscript. All protein studies used Irnmunohl&tochemica) methods. 
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TABLE 1a. c^fbB-2 ACTIVATION IN HUMAN TUMORS OF SOFTTISSUE AND BONE' 





C-efbB-2 0NA 


Tumor Type 


Amplification 


Sarcoma 


0/10,'" 0/8" 


Malignant fibrous histiocytoma 


0/1 w 


Liposarcoma 


073^ 


Pleomorphic sarcoma 




Rhabdomyosarcoma 


0/1 107 


Osteogenic sarcoma 


0/2, m 07Z 57 


Chondrosarcoma 


0/1107 


Ewing*s sarcoma 


0/1* 


Schwannoma 


0/1* 



'Shown as number of cases with amplification (or overprodudkmy/lotal numbar of cases studied; reference fs 
given as superscript No studies analyzed for c*?rf>B-2 mRNA or c-erf>B«2 protein. 



whether the protein level is increased over that of normal skin. 56 Thyroid 
carcinomas and adenomas can have low levels of increased c-er&B-2 mRNA. 
One abstract, described low-level c-erfcB-2 DNA amplification in one of ten 
salivary gland pleomorphic adenomas. 48 

Correlation of c-erbB-2 Activation With Patient Outcome 

Very few studies have attempted to correlate c-er&B-2 activation in non- 
mammary tumors with outcome.* Slamon et al 81 showed that c-erfcB-2 amplifica- 
tion or overexpression in ovarian carcinomas correlates with decreased survival, 
especially when marked activation is present. However, they did not report the 
stage, histological grade, or histological subtype of these neoplasms. Another 
study of stages III and IV ovarian carcinomas found a con-elation between 
decreased survival and c-eriB-2 protein overproduction, but not between sur- 
vival and histological grade. u One abstract stated that o-eriB-2 protein overpro- 
duction in 10 of 16 pulmonary adenocarcinomas correlated with decreased 
disease-free interval 70 Another abstract described a tendency for immunohisto- 



TABLE 13- c-erf>B-2 ACTIVATION IN HUMAN TUMORS OF THE URINARY TRACT- 







c-erbB-2 


c-erbB-2 






mRNA 


Protein 




o*rbB*2 DNA 


Over- 


Over- 


Tumor Type 


Amplification 


production 


production 


Kidney— renal cell carcinoma 


1/5,^1/4,^0/5" 


0/16W 




Wilms 1 tumor 








Proslate— adenocarcinoma 






0/23 58 


Urinary bladder— carcinoma 






1/48» 



"Shown as number of cases with amplification (or overproduction)/iotal number ol cases studied; reference Is 
given as superscript. AH protein studies used Immunohistochemical methods. 
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TABLE 14, c-e/6B-2 ACTIVATION IN MISCELLANEOUS HUMAN TUMORS* 

c^6B-2 Protein 





DNA 


oerbB-2 mRNA 


Over* 


Tumor Typo 


Amolifi cation 


Oi/fiFii mrii i#»f 1 ah 


prouucuvn 


Skin— malignant melanoma 






0/1 0« - 


Skin, head and neck— squamous 


0/7i» 






cell carcinoma 








Site not stated— squamous cell 


O/B^Qte 78 






carcinoma 








Salivary gland— adenocarcinoma 


1/1" 






Parotid gland— adenoid cystic 






0/1 ** 


carcinoma 






ThyroW— anaplastic carcinoma 


0/1" 


~e/i* 




Thyroid— papillary carcinoma 


0/5' 


3(low levels^ 




Thyroid— adenocarcinoma 


0/1* 






Thyroid— adenoma 


0/2' 


1 (low levels)^ 




Neuroblastoma 


0/35 "OW* 0/1* 






Meningioma 


0/2 w 







•Shown aa number of cases wtth amplification {or overprodiicUon)/lotaI number of cases siudled; reference te 
glVBn as superscript AH protein studies used Immunohtetochemtoaf methods. 



chemical reactivity for oerbB-2 protein to correlate with higher grades of pros- 
tatic adenocarcinoma. 97 Additional prognostic studies of ovarian carcinomas arid 
other neoplasms are needed. 

SUMMARY 

Activation of the c~erbB~2 oncogene can occur by amplification of c-eriB-2 
DNA and by overproduction of c-erfcB-2 mRNA and*-eriB-2 protein. Approxi- 
mately 20 percent of breast carcinomas show evidence of c-erfcB-2 activation, 
which correlates with a poor prognosis primarily in patients with metastasis to 
axillary lymph nodes. Studies that have attempted to correlate c-er&B~2 activa- 
tion with other prognostic factors in breast carcinoma have reported conflicting 
conclusions. The pathologic and clinical significance of c-erfeB-2 activation in 
other neoplasms is unclear and should be assessed by additional studies. 
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lower levels, on corresponding normal cells. We call such differentially expressed 
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serve as an effective therapeutic in the treatment of human cancer. 
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expressed from that mRNA in that cell type. In approximately 80% of our . 
observations we have found that increases in the level of a particular mRNA 
correlates with changes in the level of protein expressed from that mRNA when 
human tumor cells are compared with their corresponding normal cells. 
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central dogma in molecular biology that increased mRNA levels are predictive of , 
corresponding increased levels of the encoded protein. While there have been 
published reports of genes for which such a correlation does not exist, it is my 
opinion that such reports are exceptions to the commonly understood general rule 
that increased mRNA levels are predictive of corresponding increased levels of the 
encoded protein. 
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true and that all statements made on information or belief are believed to be true, 
and further that these statements were made with the knowledge mat willful false 
statements and the like so made are punishable by fine or imprisonment, or both, 
under Section 1001 of Title 18 of the United States Code and that such willful 
statements may jeopardize the validity of the application or any patent issued 
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Ctracts. If th ese n ^ nor ce ^ proteins differ among cells to the same extent as the 
re abundant proteins, as is commonly assumed, only a small number of pro- 
m *m differences (perhaps several hundred) suffice to create very large differences 
JJjj morphology and behavior. 

A Cell Can Change the Expression of Its Genes 
in Response to External Signals 3 

Most of the specialized cells in a multicellular organism are capable of altering 
their patterns of gene expression in response to extracellular cues. If a liver cell 
is exposed to a glucocorticoid hormone, for example, the production of several 
specific proteins is dramatically increased. Glucocorticoids are released during 
periods of starvation or intense exercise and signal the liver to increase the 
production of glucose from amino acids and other small molecules; the set of 
proteins whose production is induced includes enzymes such as tyrosine amino- 
transferase, which helps to convert tyrosine to glucose. When the hormone is no 
longerpresent, the production of these proteins drops to its normal level. 

Other cell types respond to glucocorticoids in different ways. In fat cells, for 
example, the production of tyrosine aminotransferase is reduced, while some 
other cell types do not respond to glucocorticoids at all. These examples illustrate 
a general feature of cell specializations-different cell types often respond in dif- 
ferent ways to the same extracellular signal. Underlying this specialization are 
features that do not change, which give each cell type its permanently distinc- 
tive character. These features reflect the persistent expression of different sets of 



Gene Expression Can Be Regulated at Many of the Steps 
in the Pathway from DNA to RNA to Protein 4 

If differences between the various cell types of an organism depend on the par- 
ticular genes that the ceDs express, at what level is the control of gene expression 
exercised? There are many steps in the pathway leading from DNA to protein, and 
all of them can in principle be regulated. Thus a cell can control the proteins it 
makes by (1) controlling when and how often a given gene is transcribed (tran- 
scriptional control), (2) controlling how the primary RNA transcript is spliced or 
otherwise processed (RNA processing control), (3) selecting which completed 
mRNAs in the cell nucleus are exported to the cytoplasm (RNA transport con- 
trol), (4) selecting which mRNAs in the cytoplasm are translated by ribosomes 
(translation^ control), (5) selectively destabilizing certain mRNA molecules in 
the cytoplasm (mRNA degradation control) , or (6) selectively activating, inacti- 
vating, or compartmentalizing specific protein molecules after they have been 
made (protein activity control) (Figure 9-2), 

For most genes transcriptional controls are paramount. This makes sense 
because, of all the possible control points illustrated in Figure 9-2, only transcrip- 
tional control ensures that no superfluous intermediates are synthesized. In the 
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Figure 9-2 Six steps at which 
eucaryote gene expression can be 
controlled. Only controls that operate 
at steps 1 through 5 are discussed in 
this chapter. The regulation of protein 
activity (step 6) is discussed in 
Chapter 5; this includes reversible 
activation or inactivation by protein 
phosphorylation as well as 
irreversible inactivation by proteolytic 
degradation. 
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following sections we discuss the DNA and protein components that regulate the 
initiation of gene transcription. We return at the end of the chapter to the other 
ways of regulating gene expression. 
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Summary 

The genome of a cell contains in its DNA sequence the information to make many 
thousands of different protein and RNA molecules. A cell typically expresses only a 
fraction ofits genes, and the different types of cells in multicellular organisms arise 
because different sets of genes are expressed. Moreover, cells can change the pattern 
of genes they express in response to changes in their environment, such as signals from 
other cells. Although all of the steps involved in expressing a gene can in principle be 
regulated, for most genes the initiation of RNA transcription is the most important 
point of control 



DNA-binding Motifs in Gene 
Regulatory Proteins 5 

How does a cell determine which of its thousands of genes to transcribe? As dis- 
cussed in Chapter 8, the transcription of each gene is controlled by a regulatory 
region of DNA near the site where transcription begins. Some regulatory regions 
are simple and act as switches that are thrown by a single signal. Other regula- 
tory regions are complex and act as tiny microprocessors, responding to a vari- 
ety of signals that they interpret and integrate to switch the neighboring gene on 
or off. Whether complex or simple, these switching devices consist of two fun- 
damental types of components: (1) short stretches of DNA of defined sequence 
and (2) gene regulatory proteins that recognize and bind to them. 

We begin our discussion of gene regulatory proteins by describing how these 
proteins were discovered. 

Gene Regulatory Proteins Were Discovered Using 
Bacterial Genetics 6 

Genetic analyses in bacteria carried out in the 1950s provided the first evidence 
of the existence of gene regulatory proteins that turn specific sets of genes on 
or off. One of these regulators, the lambda repressor, is encoded by a bacterial 
virus, bacteriophage lambda. The repressor shuts off the viral genes that code for 
the protein components of new virus particles and thereby enables the viral ge- 
nome to remain a silent passenger in the bacterial chromosome, multiplying with 
the bacterium when conditions are favorable for bacterial growth (see Figure 
6-80). The lambda repressor was among the first gene regulatory proteins to be 
characterized, and it remains one of the best understood, as we discuss later. 
Other bacterial regulators respond to nutritional conditions by shutting off genes 
encoding specific sets of metabolic enzymes when they are not needed. The lac 
repressor, for example, the first of these bacterial proteins to be recognized, turns 
off the production of the proteins responsible for lactose metabolism when this 
sugar is absent from the medium. 

The first step toward understanding gene regulation was the isolation of 
mutant strains of bacteria and bacteriophage lambda that were unable to shut 
off specific sets of genes. It was proposed at the time, and later proved, that most 
of these mutants were deficient in protfeins acting as specific repressors for these 
sets of genes. Because these proteins, like most gene regulatory proteins, are 
present in small quantities, it was difficult and time-consuming to isolate them. 
They were eventually purified by fractionating cell extracts on a series of stan- 
dard chromatography columns (see pp. 166-169). Once isolated, the pro- 
• teins were shown to bind to specific DNA sequences close to the genes that they 
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Figure 9-3 Double-helical structure 
of DNA. The major and minor grooves 
on the outside of the double helix are 
indicated. The atoms are colored as 
follow: carbon, dark blue; nitrogen* 
light blue; hydrogen, white; oxyff&> •■; 
red; phosphorus, yellow. 
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Figure 9-71 A mechanism to explain 
both the marked deficiency of CG 
sequences and the presence of CG 
islands in vertebrate genomes. A 
black line marks the location of an 
unmethyiated CG dinucleotide in the 
DNA sequence, while a red line marks 
the location of a methylated CG 
dinucleotide. 
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Summary 

fhe many types of cells in animals and plants are created largely through mecha- 
nisms that cause different genes to be transcribed in different cells. Since many spe- 
cialized animal cells can maintain their unique character when grown in culture, the 
gme regulatory mechanisms involved in creating them must be stable once estab- 
lished and heritable when the cell divides, endowing the cell with a memory of its 
developmental history. Procaryotes and yeasts provide unusually accessible model 
systems in which to study gene regulatory mechanisms, some of which may be rel- 
want to the creation of specialized cell types in higher eucaryotes. One such mecha- 
nism involves a competitive interaction between two (or more) gene regulatory pro- 
teins t each of which inhibits the synthesis of the other, this can create a flip-flop 
switch that switches a cell between two alternative patterns of gene expression. Di- 
rector indirect positive feedback loops, which enable gene regulatory proteins to 
perpetuate their own synthesis, provide a general mechanism for cell memory. 

In eucaryotes gene transcription is generally controlled by combinations of gene 
regulatory proteins. It is thought that each type of cell in a higher eucaryotic organism 
contains a specific combination of gene regulatory proteins that ensures the expres- 
sion of only those genes appropriate to that type of cell A given gene regulatory pro- 
tein may be expressed in a variety of circumstances and typically is involved in the 
regulation of many genes. 

In addition to diffusible gene regulatory proteins, inherited states of chromatin 
condensation are also utilized by eucaryotic cells to regulate gene expression. In ver- 
tebrates DNA methylation also plays a part, mainly as a device to reinforce decisions 
about gene expression that are made initially by other mechanisms. 



Postttanscriptional Controls 

Although controls on the initiation of gene transcription are the predominant 
form of regulation for most genes, other controls can act later in the pathway 
from RNA to protein to modulate the amount of gene product that is made. Al- 
though these posttranscriptional controls, which operate after RNA polymerase 
has bound to the gene's promoter and begun RNA synthesis, are less common 
ftan transcriptional control, for many genes they are crucial. It seems that every 
step in gene expression that could.be controlled in principle is likely to be regu- 
lated under some circumstances for some genes. 

We consider the varieties of posttranscriptional regulation in temporal or- 
de r, according to the sequence of events that might be experienced by an RNA 
Molecule after its transcription has begun (Figure 9-72) . 
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Figure 9-72 Possible post- 
transcriptional controls on gene 
expression. Only a few of these 
controls are likely to be used for any 
one gene. 
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FROM DNATO RNA 

Transcription and translation are the means by which cells read out, or express, 
the genetic instructions in their genes. Because many identical RNA copies can 
be made from the same gene, and each RNA molecule can direct the synthesis 
of many identical protein molecules, cells can synthesize a large amount of 
protein rapidly when necessary. But each gene can also be transcribed and 
translated with a different efficiency, allowing the cell to make vast quantities of 
some proteins and tiny quantities of others (Figure 6-3). Moreover, as we see in 
the next chapter, a cell can change (or regulate) the expression of each of its 
genes according to the needs of the moment— most obviously by controlling 
the production of its RNA. 



Figure 6-3 Genes can be expressed 
with different efficiencies. Gene A \% 
transcribed and translated much more 
efficiently than gene B.This allows the 
amount of protein A in the cell to be 
much greater than that of protein B. 



Portions of DNA Sequence Are Transcribed into RNA 

The first step a cell takes in reading out a needed part of its genetic instructions 
is to copy a particular portion of its DNA nucleotide sequence— a gene— into an 
RNA nucleotide sequence. The information in RNA, although copied into another 
chemical form, is still written in essentially the same language as it is in DNA— 
the language of a nucleotide sequence. Hence the name transcription. 

like DNA, RNA is a linear polymer made of four different types of nucleotide 
subunits linked together by phosphodiester bonds (Figure &-4). It differs from 
DNA chemically in two* respects: (1) the nucleotides in RNA are 
ribonucleotides— that is, they contain the sugar ribose (hence the name ribonu- 
cleic acid) rather than deoxyribose; (2) although, like DNA, RNA contains the 
bases adenine (A), guanine (G), and cytosine (C), it contains the base uracil (U) 
instead of the thymine (T) in DNA- Since U, like T, can base-pair by hydrogen- 
bonding with A (Figure 6-5), the complementary base-pairing properties 
described for DNA in Chapters 4 and 5 apply also to RNA (in RNA, G pairs with 
C, and A pairs with U), It is not uncommon, however, to find other types of base 
pairs in RNA: for example, G pairing with U occasionally. 

Despite these small chemical differences, DNA and RNA differ quite dra- 
matically in overall structure. Whereas DNA always occurs in cells as a double- 
stranded helix, RNA is single-stranded. RNA chains therefore fold up into a 
variety of shapes, just as a polypeptide chain folds up to form the final shape of 
a protein (Figure 6-6) . As we see later in this chapter, the ability to fold into com- 
plex three-dimensional shapes allows some RNA molecules to have structural 
and catalytic functions. 



Transcription Produces RNA Complementary to 
One Strand of DNA 

All of the RNA in a cell is made by DNA transcription, a process that has cer- 
tain similarities to the process of DNA replication discussed in Chapter 5. 
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Figure 6-89 Protein aggregates that cause human disease. (A) Schematic illustration of the type of 
conformational change in a protein that produces material for a cross-beta filament (B) Diagram illustrating 
the self-infectious nature of the protein aggregation that Is central to prion diseases. PrP is highly unusual 
because the misfoided version of the protein, called PrP* induces the normal PrP protein it contacts* to 
change its conformation, as shown. Most of the human diseases caused by protein aggregation are caused by 
the overproduction of a variant protein that is especially prone to aggregation, but because this structure is 
not infectious in this way, it cannot spread from one animal to another. (C) Drawing of a cross-beta filament, 
a common type of protease-resistant protein aggregate found in a variety of human neurological diseases. 
Because the hydrogen-bond interactions in a P sheet form between polypeptide backbone atoms (see Figure 
3-9), a number of different abnormally folded proteins can produce this structure. (D) One of several 
possible models for the conversion of PrP to PrP*, showing the likely change of two a-helices into four 
P-styands. Although the structure of the normal protein has been determined accurately, the structure of the 
infectious form is not yet known with certainty because the aggregation has prevented the use of standard 
structural techniques. (C, courtesy of Louise Serpell, adapted from M. Sunde et al.,J. Mol. BfoL 273:729-739, 
1 997; D, adapted from S.B. Prusiner, Trends Biochem. Sd. 21 :482-487, 1 996,) 

animals and humans. It can be dangerous to eat the tissues of animals that con- 
tain PrP*, as witnessed most recently by the spread of BSE (commonly referred 
to as the "mad cow disease") from catde to humans in Great Britain. 

Fortunately, in the absence of PrP*, PrP is extraordinarily difficult to convert 
to its abnormal form. Although very few proteins have the potential to misfold 
into an infectious conformation, a similar transformation has been discovered 
to be the cause of an otherwise mysterious "pr° tein -only inheritance" observed 
in yeast cells. 

There Are Many Steps From DNA to Protein 

We have seen so far in this chapter that many different types of chemical reac- 
tions are required to produce a properly folded protein from the information 
contained in a gene (Figure 6-90). The final level of a properly folded protein in 
a cell therefore depends upon the efficiency with which each of the many steps 
is performed. 

We discuss in Chapter 7 that cells have the ability to change the levels of 
their proteins according to their needs. In principle, any or all of the steps in Fig- 
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Figure 6-90 The production of a 
protein by a eucaryotlc cell. The final 
level of each protein in a eucaryotic cell 
depends upon the efficiency of each step 
depicted. 



ure 6-90) could be regulated by the cell for each individual protein. However, as 
we shall see in Chapter 7, the initiation of transcription is the most common 
point for a cell to regulate the expression of each of its genes. This makes sense, 
inasmuch as the most efficient way to keep a gene from being expressed is to 
block the very first step— the transcription of its DNA sequence into an RNA 
molecule. 



Summary 

The translation of the nucleotide sequence of an mRNA molecule into protein takes 
place in the cytoplasm on a large ribonucleoprotein assembly called a ribosome. The 
amino acids used for protein synthesis are first attached to a family of tRNA 
molecules, each of which recognizes, by complementary base-pair interactions, par- 
ticular sets of three nucleotides in the mRNA (codons). The sequence of nucleotides m 
the mRNA is then read from one end to the other in sets of three according to the 
genetic code. 

To initiate translation, a small ribosomal subunit binds to the mRNA molecule 
at a start codon (AUG) that is recognized by a unique initiator tRNA molecule. A 
large ribosomal subunit binds to complete the ribosome and begin the elongation 
phase of protein synthesis. During this phase, aminoacyl tRNAs-each bearing a 
spedficaminoacidbindseqmntianytomeappropriatecodonm 
complementary base pairs with the tRNA anticodon. Each amino acid is added to the 
C-terminal end of the growing polypeptide by means of a cycle of three sequential 
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Figure 7-5 Six steps at which 
eucaryotic gene expression can be 
controlled. Controls that operate at 
steps I through 5 are discussed ip this 
chapter. Step 6, the regulation of protein 
activity, includes reversible activation or 
inactivation by protein phosphorylation 
(discussed in Chapter 3) as well as 
irreversible inactivation by proteolytic 
degradation (discussed in Chapter 6). 



Gene Expression Can Be Regulated at Many of the Steps 
in the Pathway from DNA to RNA to Protein 

If differences among the various cell types of an organism depend on the partic- 
ular genes that the cells express, at what level is the control of gene expression 
exercised? As we saw in the last chapter, there are many steps in the pathway 
leading from DNA to protein, and all of them can in principle be regulated. Thus 
a cell can control the proteins it makes by (1) controlling when and how often a 
given gene is transcribed (transcriptional control), (2) controlling how the RNA 
transcript is spliced or otherwise processed (RNA processing control)! (3) 
selecting which completed mRNAs in the cell nucleus are exported to the cytosol 
and determining where in the cytosol they are localized (RNA transport and 
localization control), (4) selecting which mRNAs in the cytoplasm are translated 
by ribosomes (translational control), (5) selectively destabilizing certain mRNA 
molecules in the cytoplasm (mRNA degradation control), or (6) selectively acti- 
vating, inactivating, degrading, or compartmentalizing specific protein 
molecules after they have been made (protein activity control) (Figure 7-5). 

For most genes transcriptional controls are paramount. This makes sense 
because, of all the possible control points illustrated in Figure 7-5, only tran- 
scriptional control ensures that the cell will not synthesize superfluous interme- 
diates. In the following sections we discuss the DNA and protein components 
that perform this function by regulating the initiation of gene transcription. We 
shall return at the end of the chapter to the additional ways of regulating gene 
expression. 

Summary 

The genome of a cell contains in its DNA sequence the information to make many 
thousands of different protein and RNA molecules. A ceil typically expresses only a 
fraction of Us genes, and the different types of cells in multicellular organisms arise 
because different sets of genes are expressed. Moreover, cells can change the pattern 
of genes they express in response to changes in their environment, such as signals 
from other cells. Although all of the steps involved in expressing a gene can in prin- 
ciple he regulated, far most genes the initiation of RNA transcription is the most 
. important point of control 



I 



DNA-BINDING MOTIFS IN GENE REGULATORY 
PROTEINS 

How does a cell determine which of its thousands of genes to transcribe? As 
mentioned briefly in Chapters 4 and 6, the transcription of each gene is con- 
trolled by a regulatory region of DNA relatively near the site where transcription 
begins. Some regulatory regions are simple and act as switches that are thrown 
^by a single signal. Many others are complex and act as tiny microprocessors, 
I responding to a variety of signals that they interpret and integrate to switch the 
[neighboring gene on or off. Whether complex or simple, these switching devices 



Ina-binding motifs in gene regulatory proteins 

I 



occur in the germ line, the cell lineage that gives rise to sperm or eggs. Most of 
the DNA in vertebrate germ cells is inactive and highly methylated. Over long 
periods of evolutionary time, the methylated CG sequences in these inactive 
regions have presumably been lost through spontaneous deamination events 
that were not properly repaired. However promoters of genes that remain active 
in the germ cell lineages (including most housekeeping genes) are kept 
unmethylated, and therefore spontaneous deaminations of Cs that occur with- 
in them can be accurately repaired. Such regions are preserved in modern day 
vertebrate cells as CG islands. In addition, any mutation of a CG sequence in the 
genome that destroyed the function or regulation of a gene in the adult would be 
selected against, and some CG islands are simply the result of a higher than nor- 
mal density of critical CG sequences. 

The mammalian genome contains an estimated 20,000 CG islands. Most of 
the islands mark the 5' ends of transcription units and thus, presumably, of 
genes. The presence of CG islands often provides a convenient way of identify- 
ing genes in the DNA sequences of vertebrate genomes. 



Summary 

The many types of cells in animals and plants are created largely through mecha- 
nisms that cause different genes to be transcribed in different cells. Since many 
specialized animal cells can maintain their unique character through many cell 
division cycles and even when grown in culture, the gene regulatory mechanisms 
involved in creating them must be stable once established and heritable when the 
cell divides. These features endow the cell with a memory of its developmental history. 
Bacteria and yeasts provide unusually accessible model systems in which to study 
gene regulatory mechanisms. One such mechanism involves a competitive interac- 
tion between two gene regulatory proteins, each of which inhibits the synthesis of the 
other; this can create a flip-flop switch that switches a cell between two alternative 
patterns of gene expression. Direct or indirect positive feedback loops, which enable 
gene regulatory proteins to perpetuate their own syntftesis, provide a general mech- 
anism for cell memory. Negative feedback loops with programmed delays form the 
basis for cellular clocks. 

In eucaryotes the transcription of a gene is generally controlled by combinations 
of gene regulatory proteins. It is thougjtt that each type of cell in a higher eucaryotic 
organism contains a specific combination of gene regulatory proteins that ensures 
the expression of only those genes appropriate to that type of cell A gjwen gene regu- 
latory protein may be active in a variety of circumstances and typically is involved 
in the regulation of many genes. 

In addition to diffusible gene regulatory proteins, inherited states of chromatin 
condensation are also used by eucaryotic cells to regulate gene expression. An espe- 
cially dramatic case is the inactivation of an entire X chromosome in female mam- 
mals. In vertebrates DNA methylation also functions in gene regulation, being used 
mainly as a device to reinforce decisions about gene expression that are made ini- 
tially by other mechanisms. DNA methylation also underlies the phenomenon of 
genomic imprinting in mammals, in which the expression of a gene depends on 
whether it was inherited from the mother or the father. 



VERTEBRATE ANCESTOR DNA 



RNA 



methylation of 
most CG sequences 
in germ line 



many millions of years 
of evolution 



VERTEBRATE DNA 



CG island 



Figure 7-86 A mechanism to explain 
both the marked overall deficiency 
of CG sequences and their clustering 
into CG islands in .vertebrate 
genomes* A black fine marks the location 
of a CG dinucteotide in the DNA 
sequence, while a red "lollipop" indicates 
the presence of a methyl group on the 
CG dinucleotlde. CG sequences that lie in 
regulatory sequences of genes that are 
transcribed in germ cells are unmethylated 
and therefore tend to be retained in 
evolution. Methylated CG sequences, on 
the other hand, tend to be lost through 
deamination of 5-methyl C toT, unless the 
CG sequence is critical for survival. 



POSTTRANSCRIPTIONAL CONTROLS 

In principle, every step required for the process of gene expression could be 
controlled. Indeed, one can find examples of each type of regulation, although 
any one gene is likely to use only a few of them. Controls on the initiation of 
gene transcription are the predominant form of regulation for most genes. But 
other controls can act later in the pathway from DNA to protein to modulate 
the amount of gene product that is made. Although these posttranscriptional 
controls, which operate after RNA polymerase has bound to the gene's promoter 
and begun RNA synthesis, are less common than transcriptional control for 
many genes they are crucial. 
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Regulation of transcription 



phenotypic differences tint distinguish Ihe 
various kinds or cells in a higher eukarywte are 
largely due lo" differences in the expression of* 
*enes that code fur proteins, that is. lho.se tran- 
^ribed h>* RNA polymerase II. In principle- ihe 
expression of these genes might lie regulated at 
an v one of several stages. The concepi of ihe 
-level of control" implies that gene expression 
is not necessarily an automatic process once il 
has begun- h could lie regulated in a gene- 
jpecifie way at any one uf several sequential 
jteps. Wc can distinguish <at least) five poten- 
tjal control points, forming the series: 

Xrlivalimi or ^m* structure 
I 

'Initial ton of transcription 
i 

processing Ihe transcript 
I 

transport, to cytoplasm 
i 

Translation of iitRSA 

The existence of the flrsl Mrp is implied by 
Hie discovery thai genes may exisi in either of 
two structural conditions. Kelnilve to the state 
nf most of the genome, genes are found in 
an "active" state in ihe cells in which Ihey 
are expressed (see Chapter 27). The change of 
structure is distinct from the act of imnscrip. 
lion, and indicates thai Ihe gene is nranscrib- 
able." This suggests lhal acquisition of the 
"active' structure must be Ihe first step in gene 
expression. 

Transcription of a gene in ihe active slate is 



controlled at the stage of initiation, that Is. by 
the interaction of RNA polymerase with its pro- 
moter. This is now becoming suscepilhle to 
analysis In the iu vittv sysle.ms (sec Chapter 
2«). For most genes, this is a major control 
point; probably it is the most common level of 
regulation. 

There is at present t\o evidence for control 
at subsequent stages of transcription in etikary- 
olte cells, for example via autilerminaUon 
mechanisms. 

The primary transcript is modified by capping 
at Ihe 5* end. and usually also by polyadenyla- . 
lion at the X end. Introns must 1* spliced out 
from the transcripts of iiuerrwpied genes. The 
mature RNA must he exported from the nucleus 
lo Hie cytoplasm. Regulation of gene expression 
by selection of sequences nt the Irvef of nuclear 
RNA might involve nny qr all of. these stages, 
but the one for which we have most evidence 
concents changes in splicing; some genes are 
expressed by means of nltenuuive splicing put* 
terns whose regulation controls the lype of pro- 
tein product (see Chapter .to). 

Finally. Ihe translation of au mRNA lit the cyio- 
plasm can be specifically controlled. There is liule 
evidence for the employment of litis mechanism in 
adult somalic cells. bu| it does occur in some 
embryonic situations, as described in Chapter T. 
-The mechanism is presumed lo involve the block- 
ing of initiation or translation or some mRNAs by 
specific protein factors. 

Bui having acknowledged that control of gene 
expression can occur at multiple slages, and 
that production of RNA cannot inevitably be 
equaled with production of protein, il Is clear 
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that the overwhelming majority of regulatory 
events occur at the initiation of transcription. 
Regulation of tissue -specific gene transcription 
lies al the heart or eukaryotic differentiation; 
indeed, we see examples in Chapter 38 in 
which proteins that regulate embryonic devel- 
opment prove to be transcription factors. A reg- 
ulatory transcription factor serves to provide 



common control of a large number or largei 
genes, and we seek to answer two questions 
about this mode or regulation: whaj identifies 
the common target genes to the transcription 
factor; and how is the activity of the lranscrip 
tion factor itself regulated in response to intrin- 
sic or extrinsic signals? 



Response elements identify genes under common 
regulation 



The principle that emerges from characterizing 
groups of genes under common control is that 
they share a promoter tl&nent that is recognized 
by a regulatory transoiption factor. An clement 
that causes a gene to respond to such a factor 
is called a response element; examples are the 
HSE (heat shock response element), ORE 
(glucocorticoid response elements SRE (scrum 
response element). 

The properties or some inducible transcription 
factors and the elements that they recognize are 
summarized in. Table 29.1. Response elements 
have the same general characteristics as 
upstream elements of promoters or enhancers. 
They contain short consensus sequences, and 
copies of the response elements found in dif- 
ferent genes are closely related, but not neces- 
sarily identical- The region bound by the ractor 
extends for a short distance on either side or 



Table 29.1 Inducible" transcrspi.on factors bind ic 
response elumenls thai ictent.fy g;cups c! pcrnciers 
or eihancsrE subject !o coordinate control. 



Regulatory Agent Module Consensus Factor 

Heat Shot* HSE CNNGAANNTCCNNG HSTF 

Glucocorticoid ORE TGGTACXAATGTTCT Receptor 

PhorbotBStef THE TGACTCA API 

Serum SRE CCATATTAGG SRF 



the consensus sequence. In promoters, the ele- 
ments are not pressm at fixed distances from 
the siartpoint, but* are usually <200 bp upstream 
or U. The presence of a single element usually 
is sufficient to confer the regulatory response 
but sometimes there are multiple copies. 

Response elements may be located in P 10 " 
molers or in enhancers. Some types or elements 
arc typically found in one rather than the other, 
usually on HSE is found in a promoter, *«ile * 
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Background: Prostate stem cell antigen (PSCA) is a recently defined homologue of the Thy-l/Ly-6 family of 
gtycosylphosphatidylinositol (GPI)-anchored cell surface antigens. The purpose of the present study was to 
examine the expression status of PSCA protein and mRNA in clinical specimens of human prostate cancer (Pea) 
and to validate it as a potential molecular target for diagnosis and treatment of Pea. 

Materials and Methods: Immunohistochemical (IHC) and in situ hybridization (ISH) analyses of PSCA 
expression were simultaneously performed on paraffin-embedded sections from 20 benign prostatic hyperplasia 
(BPH), 20 prostatic intraepithelial neoplasm (PIN) and 48 prostate cancer (Pea) tissues, including 9 androgen- 
independent prostate cancers. The level of PSCA expression was semi quantitatively scored by assessing both the 
percentage and intensity of PSCA-positive staining cells in the specimens. Then compared PSCA expression 
between BPH, PIN and Pea tissues and analysed the correlations of PSCA expression level with pathological grade, 
clinical stage and progression to androgen-independence in Pea. 

Results: In BPH and low grade PIN, PSCA protein and mRNA staining were weak or negative and less intense 
and uniform than that seen in HGPIN and Pea. There were moderate to strong PSCA protein and mRNA 
expression in 8 of 1 1 (72.7%) HGPIN and in 40 of 48 (83.4%) Pea specimens examined by IHC and ISH analyses, 
with statistical significance compared with BPH (20%) and low grade PIN (22,2%) samples (p < 0.05, respectively). 
The expression level of PSCA increased with high Gleason grade, advanced stage and progression to androgen- 
independence (p < 0.05, respectively). In addition, IHC and ISH staining showed a high degree of correlation 
between PSCA protein and mRNA overexpression. 

Conclusions: Our data demonstrate that PSCA as a new cell surface marker is overexpressed by a majority of 
human Pea. PSCA expression correlates positively with adverse tumor characteristics, such as increasing 
pathological grade (poor cell differentiation), worsening clinical stage and androgen-independence, and 
speculatively with prostate carcinogenesis. PSCA protein overexpression results from upregulated transcription 
of PSCA mRNA. PSCA may have prognostic utility and may be a promising molecular target for diagnosis and 
treatment of Pea. 
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Introduction 

Prostate cancer (Pea) is the second leading cause of can- 
cer-related death in American men and is becoming a 
common cancer increasing in China, Despite recently 
great progress in the diagnosis and management of local- 
ized disease, there continues to be a need for new diagnos- 
tic markers that can accurately discriminate between 
indolent and aggressive variants of Pea. There also contin- 
ues to be a need for the identification and characterization 
of potential new therapeutic targets on Pea cells. Current 
diagnostic and therapeutic modalities for recurrent and 
metastatic Pea have been limited by a lack of specific tar- 
get antigens of Pea. 

Although a number of prostate-specific genes have been 
identified (i.e. prostate specific antigen, prostatic acid 
phosphatase, glandular kallikrein 2), the majority of these 
are secreted proteins not ideally suited for many immuno- 
logical strategies. So, the identification of new cell surface 
antigens is critical to the development of new diagnostic 
and therapeutic approaches to the management of Pea. 

Reiter RE et al (1] reported the identification of prostate 
stem cell antigen (PSCA), a cell surface antigen that is pre- 
dominantly prostate specific. The PSCA gene encodes a 
123 amino acid glycoprotein, with 30% homology to 
stem cell antigen 2 (Sea 2). Like Sca-2, PSCA also belongs 
to a member of theThy-l/Ly-6 family and is anchored by 
a glycosylphosphatidylinositol (GPI) linkage. mRNA in 
situ hybridization (ISH) localized PSCA expression in nor- 
mal prostate to the basal cell epithelium, the putative 
stem cell compartment of prostatic epithelium, suggesting 
that PSCA may be a marker of prostate stem/progenitor 
cells. 

In order to examine the status of PSCA protein and mRNA 
expression in human Pea and validate it as a potential 
diagnostic and therapeutic target for Pea, we used immu- 
nohistochemistry (IHC) and in situ hybridization (ISH) 
simultaneously, and conducted PSCA protein and mRNA 
expression analyses in paraffin-embedded tissue speci- 
mens of benign prostatic hyperplasia (BPH, n = 20), pros- 
tate intraepithelial neoplasm (PIN, n = 20) and prostate 
cancer (Pea, n = 48). Furthermore, we evaluated the possi- 
ble correlation of PSCA expression level with Pea tumori- 
genesis, grade, stage and progression to androgen- 
independence. 

Materials and methods 
Tissue samples 

Ail of the clinical tissue specimens studied herein were 
obtained from 80 patients of 57-84 years old by prostate- 
ctomy, transurethral resection of prostate (TURP) or biop- 
sies. The patients were classified as 20 cases of BPH, 20 
cases of PIN, 40 cases of primary Pea, including 9 patients 



with recurrent Pea and a history of androgen ablation 
therapy (orchiectomy and/or hormonal therapy), who 
were referred to as androgen-independent prostate can- 
cers. Eight specimens were harvested from these andro- 
gen-independent Pea patients prior to androgen ablation 
treatment. Each tissue sample was cut into two parts, one 
was fixed in 10% formalin for IHC and the other treated 
with 4% paraformaldehyde/0. 1 M PBS PH 7.4 in 0.1% 
DEPC for 1 h for ISH analysis, and then embedded in par- 
affin. All paraffin blocks examined were men cut into 5 
um sections and mounted on the glass slides specific for 
IHC and ISH respectively in the usual fashion. H&E- 
stained section of each Pea was evaluated and assigned a 
Gleason score by the experienced urological pathologist at 
our institution based on the criteria of Gleason score |2]. 
The Gleason sums are summarized in Table 1. Clinical 
staging was performed according to Jewett-whitmore- 
prout staging system, as shown in Table 2. In the category 
of PIN, we graded the specimens into two groups, i.e. low 
grade PIN (grade I - II) and high grade PIN (HGPIN, 
grade III) on the basis of literatures (3,4 J. 

Immunohistochemical (IHC) analysis 
Briefly, tissue sections were deparaffinized, dehydrated, 
and subjected to microwaving in 10 mmol/L citrate 
buffer, PH 6.0 (Boshide, Wuhan, China) in a 900 W oven 
for 5 min to induce epitope retrieval. Slides were allowed 
to cool at room temperature for 30 min. A primary mouse 
antibody specific to human PSCA (Boshide, Wuhan, 
China) with a 1 : 1 00 dilution was applied to incubate with 
the slides at room temperature for 2 h. Labeling was 
detected by sequentially adding biotinylated secondary 
antibodies and strepavidin-peroxidase, and localized 
using 3,3'-diaminobenzidine reaction. Sections were then 
counterstained with hematoxylin. Substitution of the pri- 
mary antibody with phosphate-buffered-saline (PBS) 
served as a negative-staining control. 

mRNA in situ hybridization (ISH) 

Five-um-thick tissue sections were deparaffinized and 
dehydrated, then digested in pepsin solution (4 mg/ml in 
3% citric acid) for 20 min at 37.5 °C, and further proc- 
essed for ISH. Digoxigenin-labeled sense and antisense 
human PSCA RNA probes (obtained from Boshide, 
Wuhan, China) were hybridized to the sections at 48 °C 
overnight. The posthybridization wash with a high strin- 
gency was performed sequentially at 37° C in 2 x standard 
saline citrate (SSC) for 10 min, in 0.5 x SSC for 15 min 
and in 0.2 * SSC for 30 min. The slides were then incu- 
bated to biotinylated mouse anti-digoxigenin antibody at 
37.5 °C fori h followed by washing in 1 x PBS for 20 min 
at room temperature, and then to strepavidin-peroxidase 
at 37.5 °C for 20 min followed by washing in 1 x PBS for 
15 min at room temperature. Subsequently, the slides 
were developed with diaminobenzidine and then coun- 
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Table I: Correlation of PSCA expression with Gleason score 



Intensity * frequency 



Gleason score 



0-6 (%) 



9<%) 



1-4 
5-7 
8-10 



5(83) 
19(79) 
5(28) 



I (17) 
5(21) 
13(72) 



Table 2: Correlation of PSCA expression with clinical stage 



Intensity * frequency 



Tumor stage 



0-6 (%) 



9(%) 



<B 

2>C 



27 (67.5) 
2(25) 



13(32.5) 
6(75) 



terstained with hematoxylin to localize the hybridization 
signals. Sections hybridized with the sense control probes 
routinely did not show any specific hybridization signal 
above background. All slides were hybridized with PBS to 
substitute for the probes as a negative control. 

Scoring methods 

To determine the correlation between the results of PSCA 
immunostaining and rnRNA in situ hybridization, the 
same scoring manners are taken in the present study for 
PSCA protein staining by IHC and PSCA mRNA staining 
by ISH. Each slide was read and scored by two independ- 
ently experienced urological pathologists using Olympus 
BX-41 light microscopes. The evaluation was done in a 
blinded fashion. For each section, five areas of similar 
grade were analyzed semiquantitatively for the fraction of 
cells staining. Fifty percent of specimens were randomly 
chosen and rescored to determine the degree of interob- 
server and intraobserver concordance. There was greater 
than 95% intra- and interobserver agreement. 

The intensity of PSCA expression evaluated microscopi- 
cally was graded on a scale of 0 to 3+ with 3 being the 
highest expression observed (0, no staining; 1+, mildly 
intense; 2+, moderately intense; 3+, severely intense). The 
staining density was quantified as the percentage of cells 
staining positive for PSCA with the primary antibody or 
hybridization probe, as follows: 0 = no staining; 1 = posi- 
tive staining in <25% of the sample; 2 - positive staining 
in 25%-50% of the sample; 3 = positive staining in >50% 



of the sample. Intensity score (0 to 3+) was multiplied by 
the density score (0-3) to give an overall score of 0-9 
(1,5). In this way, we were able to differentiate specimens 
that may have had focal areas of increased staining from 
those that had diffuse areas of increased staining [6], The 
overall score for each specimen was then categorically 
assigned to one of the following groups: 0 score, negative 
expression; 1-2 scores, weak expression; 3-6 scores, mod- 
erate expression; 9 score, strong expression. 

Statistical analysis 

intensity and density of PSCA protein and mRNA expres- 
sion in BPH, PIN and Pea tissues were compared using the 
Chi-square and Student's t-test. Univariate associations 
between PSCA expression and Gleason score, clinical 
stage and progression to androgen- independence were 
calculated using Fisher's Exact Test. For all analyses, p < 
0.05 was considered statistically significant. 

Results 

PSCA expression in BPH 

In general, PSCA protein and mRNA were expressed 
weakly in individual samples of BPH. Some areas of 
prostate expressed weak levels (composite score 1-2), 
whereas other areas were completely negative (composite 
score 0). Four cases (20%) of BPH had moderate expres- 
sion of PSCA protein and mRNA (composite score 4-6) 
by IHC and ISH. In 2/20 (10%) BPH specimens, PSCA 
mRNA expression was moderate (composite score 3-6), 
but PSCA protein expression was weak (composite score 
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2) in one and negative (composite score 0) in the other. 
PSCA expression was localized to the basal and secretory 
epithelial cells, and prostatic stroma was almost negative 
staining for PSCA protein and mRNA in all cases 
examined. 

PSCA expression in PIN 

In this study, we detected weak or negative expression of 
PSCA protein and mRNA (£2 scores) in 7 of 9 (77.8%) 
low grade PIN and in 2 of II (18.2%) HGPIN, and mod- 
erate expression (3-6 scores) in the rest 2 low grade PIN 
and 5 of 1 1 (45.5%) HGPIN. One HGPIN with moderate 
PSCA mRNA expression (6 score) was found weak stain- 
ing for PSCA protein (2 score) by IHC. Strong PSCA pro- 
tein and mRNA expression (9 score) were detected in the 
remaining 3 of 11 (27.3%) HGPIN. There was a statisti- 
cally significant difference of PSCA protein and mRNA 
expression levels observed between HGPIN and BPH (p < 
0.05), but no statistical difference reached between low 
grade PIN and BPH (p > 0.05). 

PSCA expression in Pea 

In order to determine if PSCA protein and mRNA can be 
detected in prostate cancers and if PSCA expression levels 
are increased in malignant compared with benign glands, 
Forty-eight paraffin-embedded Pea specimens were ana- 
lysed by IHC and ISH. It was shown that 19 of 48 (39.6%) 
Pea samples stained very strongly for PSCA protein and 
mRNA with a score of 9 and another 21 (43.8%) speci- 
mens displayed moderate staining with scores of 4-6 (Fig- 
ure 1). In addition, 4 specimens with moderate to strong 
PSCA mRNA expression (scores of 4-9) had weak protein 
staining (a score of 2) by IHC analyses. Overall, Pea 
expressed a significandy higher level of PSCA protein and 
mRNA than any other specimen category in this study (p 
< 0.05, compared with BPH and PIN respectively). The 
result demonstrates that PSCA protein and mRNA are 
overexpressed by a majority of human Pea. 

Correlation of PSCA expression with Gieason score in Pea 

Using the semi-quantitative scoring method as described 
in Materials and Methods, we compared the expression 
level of PSCA protein and mRNA with Gieason grade of 
Pea, as shown in Table 1. Prostate adenocarcinomas were 
graded by Gieason score as 2-4 scores ■ well -differentia- 
tion, 5-7 scores = moderate-differentiation and 8-10 
scores - poor-differentiation [7]. Seventy-two percent of 
Gieason scores 8-10 prostate cancers had very strong 
staining of PSCA compared to 21% with Gieason scores 
5-7 and 17% with 2-4 respectively, demonstrating that 
poorly differentiated Pea had significantly stronger 
expression of PSCA protein and mRNA than moderately 
and well differentiated tumors (p < 0.05). As depicted in 
Figure 1, IHC and ISH analyses showed that PSCA protein 
and mRNA expression in several cases of poorly differen- 



tiated Pea were particularly prominent, with more intense 
and uniform staining. The results indicate that PSCA 
expression increases significantly with higher tumor grade 
in human Pea. 

Correlation of PSCA expression with clinical stage in Pea 

With regards to PSCA expression in every stage of Pea, we 
showed the results in Table 2. Seventy-five percent of 
locally advanced and node positive cancers (i.e. C-D 
stages) expressed statistically high levels of PSCA versus 
32.5% that were organ confined (i.e. A-B stages) (p < 
0.05). The data demonstrate that PSCA expression 
increases significantly with advanced tumor stage in 
human Pea. 

Correlation of PSCA expression with androgen- 
independent progression of Pea 

All 9 specimens of androgen-independent prostate can- 
cers stained positive for PSCA protein and mRNA. Eight 
specimens were obtained from patients managed prior to 
androgen ablation therapy. Seven of eight (87.5%) of 
these androgen-independent prostate cancers were in the 
strongest staining category (score = 9), compared with 
three out of eight (37.5%) of patients with androgen- 
dependent cancers (p < 0.05). The results demonstrate 
that PSCA expression increases significantly with progres- 
sion to androgen-independence of human Pea. 

It is evident from the results above that within a majority 
of human prostate cancers the level of PSCA protein and 
mRNA expression correlates significandy with increasing 
grade, worsening stage and progression to androgen-inde- 
pendence. 

Correlation of PSCA immunostaining and mRNA in situ 
hybridization 

In all 88 specimens surveyed herein, we compared the 
results of PSCA IHC staining with mRNA ISH analysis. 
Positive staining areas and its intensity and density scores 
evaluated by IHC were identical to those seen by ISH in 79 
of 88 (89.8%) specimens (18/20 BPH, 19/20 PIN and 42/ 
48 Pea respectively). Importantly, 27/27 samples with 
PSCA mRNA composite scores of 0-2, 32/36 samples 
with scores of 3-6 and 22/24 samples with a score of 9 
also had PSCA protein expression scores of 0-2, 3-6 and 
9 respectively. However, in 5 samples with PSCA mRNA 
overall scores of 3-6 and in 2 with scores of 9 there were 
less or negative PSCA protein expression (i.e. scores of 0- 
4), suggesting that this may reflect posttranscriptional 
modification of PSCA or that the epitopes recognized by 
PSCA mAb may be obscured in some cancers. The data 
demonstrate that the results of PSCA immunostaining 
were consistent with those of mRNA ISH analysis, show- 
ing a high degree of correlation between PSCA protein 
and mRNA expression. 



Page 4 of 7 
(page number not for citation purposes) 



Worid Journal of Surgical Oncology 2004, 2 



http://www.wjso.eom/content/2/1/1 3 




Figure I 

Representatives of PSCA IHC and ISH staining in Pea (A. IHC staining, B. ISH staining, *200 magnification). A„ B,: negative con- 
trol of IHC and ISH. PBS replacing the primary antibody (A,) and hybridization with a sense PSCA probe (B,) showed no back- 
ground staining. A 2 , &V a moderately differentiated Pea (Gleason score = 3+3 = 6) with moderate staining (composite score = 
6) in all malignant cells; A 2 : IHC shows not only cell surface but also apparent cytoplasmic staining of PSCA protein. A 3 , B 3 : a 
poorly differentiated Pea (Gleason score = 4+4 = 8) with very strong staining (composite score = 9) in all malignant cells. 
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Discussion 

PSCA is homologous to a group of cell surface proteins 
that mark the earliest phase of hematopoietic develop- 
ment. PSCA mRNA expression is prostate-specific in nor- 
mal male tissues and is highly up-regulated in both 
androgen-dependent and-independent Pea xenografts 
(LAPC-4 tumors). We hypothesize that PSCA may play a 
role in Pea tumorigenesis and progression, and may serve 
as a target for Pea diagnosis and treatment. In this study, 
IHC and ISH showed that in general there were weak or 
absent PSCA protein and mRNA expression in BPH and 
low grade PIN tissues. However, PSCA protein and mRNA 
are widely expressed in HGPIN, the putative precursor of 
invasive Pea, suggesting that up-regulation of PSCA is an 
early event in prostate carcinogenesis. Recently, Reiter RE 
etal [1], using ISH analysis, reported that 97 of 1 18 (82%) 
HGPIN specimens stained strongly positive for PSCA 
mRNA. A very similar finding was seen on mouse PSCA 
(rnPSCA) expression in mouse HGPIN tissues by Tran C. 
P et al [8]. These data suggest that PSCA may be a new 
marker associated with transformation of prostate cells 
and tumorigenesis. 

We observed that PSCA protein and mRNA are highly 
expressed in a large percentage of human prostate cancers, 
including advanced, poorly differentiated, androgen- 
independent and metastatic cases. Fluorescence-activated 
cell sorting and confocal/ immunofluorescent studies 
demonstrated cell surface expression of PSCA protein in 
Pea cells [91. Our IHC expression analysis of PSCA shows 
not only cell surface but also apparent cytoplasmic stain- 
ing of PSCA protein in Pea specimens (Figure 1 ) . One pos- 
sible explanation for this is that anti-PSCA antibody can 
recognize PSCA peptide precursors that reside in the cyto- 
plasm. Also, it is possible that the positive staining that 
appears in the cytoplasm is actually from the overlying 
cell membrane [5]. These data seem to indicate that PSCA 
is a novel cell surface marker for human Pea. 

Our results show that elevated level of PSCA expression 
correlates with high grade (i.e. poor differentiation), 
increased tumor stage and progression to androgen-inde- 
pendence of Pea. These findings support the original IHC 
analyses by Gu Z et al (9), who reported that PSCA protein 
expressed in 94% of primary Pea and the intensity of 
PSCA protein expression increased with tumor grade, 
stage and progression to androgen-independence. Our 
results also collaborate the recent work of Han KR et al 
[10], in which the significant association between high 
PSCA expression and adverse prognostic features such as 
high Gleason score, seminal vesicle invasion and capsular 
involvement in Pea was found. It is suggested that PSCA 
overexpression may be an adverse predictor for recur- 
rence, clinical progression or survival of Pea. Hara H et al 
[11] used RT-PCR detection of PSA, PSMA and PSCA in 1 
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ml of peripheral blood to evaluate Pea patients with poor 
prognosis. The results showed that among 58 PCa 
patients, each PCR indicated the prognostic value in the 
hierarchy of PSCA>PSA>PSMA RT-PCR, and extraprostatic 
cases with positive PSCA PCR indicated lower disease-pro- 
gression-free survival than those with negative PSCA PCR, 
demonstrating that PSCA can be used as a prognostic fac- 
tor, Dubey P et al |12j reported that elevated numbers of 
PSCA + cells correlate positively with the onset and devel- 
opment of prostate carcinoma over a long time span in 
the prostates of the TRAMP and PTEN +/- models com- 
pared with its normal prostates. Taken together with our 
present findings, in which PSCA is overexpressed from 
HGPIN to almost frank carcinoma, it is reasonable and 
possible to use increased PSCA expression level or 
increased numbers of PSCA-positive cells in the prostate 
samples as a prognostic marker to predict the potential 
onset of this cancer. These data raise the possibility that 
PSCA may have diagnostic utility or clinical prognostic 
value in human Pea. 

The cause of PSCA overexpression in Pea is not known. 
One possible mechanism is that it may result from PSCA 
gene amplification. In humans, PSCA is located on chro- 
mosome 8q24.2 [1], which is often amplified in meta- 
static and recurrent Pea and considered to indicate a poor 
prognosis [13-15]. Interestingly, PSCA is in close proxim- 
ity to the c-myc oncogene, which is amplified in >20% of 
recurrent and metastatic prostate cancers [16,17]. Reiter 
RE et al [ 18] reported that PSCA and MYC gene copy num- 
bers were co-amplified in 25% of tumors (five out of 
twenty), demonstrating that PSCA overexpression is asso- 
ciated with PSCA and MYC coamplification in Pea. Gu Z 
et al [9] recently reporteted that in 102 specimens availa- 
ble to compare the results of PSCA immunostaining with 
their previous mRNA ISH analysis, 92 (90.2%) had iden- 
tically positive areas of PSCA protein and mRNA expres- 
sion. Taken together with our findings, in which we 
detected moderate to strong expression of PSCA protein 
and mRNA in 34 of 40 (85%) Pea specimens examined 
simultaneously by IHC and ISH analyses, it is demon- 
strated that PSCA protein and mRNA overexpressed in 
human Pea, and that the increased protein level of PSCA 
was resulted from the upregulated transcription of its 
mRNA. 

At present, the regulation mechanisms of human PSCA 
expression and its biological function are yet to be eluci- 
dated. PSCA expression may be regulated by multiple fac- 
tors [18]. WatabeTet al (19] reported that transcriptional 
control is a major component regulating PSCA expression 
levels. In addition, induction of PSCA expression may be 
regulated or mediated through cell-cell contact and pro- 
tein kinase C (PKC) [20]. Homologues of PSCA have 
diverse activities, and have themselves been involved in 
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carcinogenesis. Signalling through SCA-2 has been dem- 
onstrated to prevent apoptosis in immature thymocytes 
[21). Thy-1 is involved in T cell activation and transducts 
signals through src-like tyrosine kinases [22j. Ly-6 genes 
have been implicated both in tumorigenesis and in cell- 
cell adhesion (23-25). Cell-cell or cell-matrix interaction is 
critical for local tumor growth and spread to distal sites. 
From its restricted expression in basal cells of normal 
prostate and its homology to SCA-2, PSCA may play a role 
in stem/progenitor cell function, such as self-renewal (i.e. 
anti-apoptosis) and/or proliferation [1]. Taken together 
with the results in the present study, we speculate that 
PSCA may play a role in tumorigenesis and clinical pro- 
gression of Pea through affecting cell transformation and 
proliferation. From our results, it is also suggested that 
PSCA as a new cell surface antigen may have a number of 
potential uses in the diagnosis, therapy and clinical prog- 
nosis of human Pea. PSCA overexpression in prostate 
biopsies could be used to identify patients at high risk to 
develop recurrent or metastatic disease, and to discrimi- 
nate cancers from normal glands in prostatectomy sam- 
ples. Similarly, the detection of PSCA-overexpressing cells 
in bone marrow or peripheral blood may identify and pre- 
dict metastatic progression better than current assays, 
which identify only PSA-positive or PSMA-positive pros- 
tate cells. 

In summary, we have shown in this study that PSCA pro- 
tein and mRNA are maintained in expression from 
HGPIN through all stages of Pea in a majority of cases, 
which may be associated with prostate carcinogenesis and 
correlate positively with high tumor grade (poor cell dif- 
ferentiation), advanced stage and androgen-independent 
progression. PSCA protein overexpression is due to the 
upregulation of its mRNA transcription. The results sug- 
gest that PSCA may be a promising molecular marker for 
the clinical prognosis of human Pea and a valuable target 
for diagnosis and therapy of this tumor. 
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Abstract 

Translation Initiation Is regulated in response to 
nutrient apaBabltity and mftogenlc stimulation and Is 
coupled with cefl cycle progression and cell growth 
Several alterations In translations! control occur In 
cancer. Variant mRNA sequences can alter the 
translation^ efficiency of Individual mRNA molecules, 
which in turn play a role In cancer biology. Changes In 
the expression or availability of components of the 
translations! machinery and in the activation of 
translation through signal transduction pathways can 
lead to more global changes, such as an Increase In 
the overall rate of protein synthesis and translations! 
activation of the mRNA molecules Involved in ceH 
growth and proliferation. We review the basic 
principles of translational control, the alterations 
encountered In cancer, and selected therapies 
targeting translation initiation to help elucidate new 
therapeutic avenues. 

Introduction 

The fundamental principle of molecular therapeutics in can- 
cer is to exploit the differences In gene expression between 
cancer ceils and normal cells. With the advent of cDNA array 
technology, most efforts have concentrated on Identifying 
differences In gene expression at the level of mRNA, which 
can be attributable either to DNA amplification or to differ- 
ences In transcription. Gene expression Is quite complicated, 
however, and Is also regulated at the level of mRNA stability, 
mRNA translation, and protein stability. 

The power of translational regulation has been best recog- 
nized among developmental biologists, because transcription 
does not occur In early embryogenesis in eukaryotes. For ex- 
ample, In Xenopus, the period of transcriptional quiescence 
continues until the embryo reaches midblastuia transition, the 
4000-ceti stage. Therefore, all necessary mRNA molecules are 
transcribed during oogenesis and stockpiled In a translational fy 
Inactive, masked form. The mRNA are translationafly activated 
at appropriate times during oocyte maturation, fertilization, and 



early embryogenesis and thus, are under strict translational 
control. 

Translation has an established role In cell growth. Basi- 
cally, an increase In protein synthesis occurs as a conse- 
quence of mftogenesls. Until recently, however, little was 
known about the alterations In mRNA translation in cancer, 
and much is yet to be discovered about their role in the 
development and progression of cancer. Here we review the 
basic principles of translational control, the alterations en- 
countered In cancer, and selected therapies targeting transla- 
tion Initiation to elucidate potential new therapeutic avenues. 

Baste Principles of Translational Control 
Mechanism of Translation Initiation 
Translation initiation Is the main step In translational regulation. 
Translation initiation is a complex process in which the initiator 
tRNA and the 40$ and 60S ribosomal subumts are recruited to 
the 5' end of a mRNA molecule and assembled by eukaryotic 
translation initiation factors Into an 80S ribosoma at the start 
codon of the mRNA (Rg. 1). The 5 r end of eukaryotic mRNA Is 
capped, I.e., contains the cap structure m 7 GpppN (7-methyl- 
g^ianosine-triptosph^ Most translation In 

eukaryotes occurs in a cap-dependent fashion, /.a, the cap Is 
specifically recognized by the elF4E, 3 which binds the 5' cap. 
The e!F4F translation initiation complex is then formed by the 
assembly of eIRE, the RNA heffcase eIRA, and e!F4G, a 
scaffolding protein that mediates the binding of the 40S ribo- 
somal subunlt to the mRNA molecule through Interaction with 
the elF3 protein present on the 40S ribosoma elRAand elF4B 
participate in melting the secondary structure of the 5' UTR of 
the mRNA. The 43S initiation complex (40S/elF2/Met-tRNA/ 
GTP complex) scans the mRNA in a 5'->3' direction until it 
encounters an AUG start codon. This start codon is then base- 
paired to the anticodon of Initiator tRNA, forming the 48S initi- 
ation complex. The Initiation factors are then displaced from the 
48S complex, and the 60S ribosome joins to form the 80S 
ribosome. 

Unlike most eukaryotic translation, translation initiation of 
certain mRNAs, such as the pJcomavirus RNA, Is cap Inde- 
pendent and occurs by Internal ribosome entry. This mecha- 
nism does not require eIRE Bther the 43S complex can bind 
the initiation codon directly through Interaction with the IRES In 
the 5' UTR such as in the encephalomyocarditis virus, or it can 
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mRNA 5' cap 
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Fig. f . Translation initiation in eukaryotes. The 4E-BPs ere fryperphos- 
phorylated to release elF4E so that it can Interact with the S' cap, and the 
eJF4F initiation complex Is assembted. The Interaction of pofy(A) binding 
protein wttfi the Initiation complex and drcularizatton of the mRNA la not 
depicted in the diagram. The secondary structure of the 5 r lHR Is rnelted. 
the 40$ ribosomal subunit Is bound td elF3, end the ternary complex 
consisting of o!F2, QTP r and the Met-tRNA are recruited to the mRNA The 
nbosome scans the mRNA In a 5'~»3' direction until an AUG start codon 
Is found In the appropriate sequence context The initiation factors are 
released, and the large ribosomal subunit Is recruited. 



Initially attach to the IRES and then reach the Initiation codon by 
scanning or transfer, as is the case with the poliovirus (1). 

Regulation of Translation Initiation 
Translation initiation can be regulated by alterations in the 
expression or phosphorylation status of the various factors 
involved. Key components in translationa) regulation that 
may provide potential therapeutic targets follow. 

elF4E elF4E plays a central role in translation regulation. 
It is the least abundant of the initiation factors and is con- 
sidered the rate-limiting component for initiation of cap- 
dependent translation. elF4E may also be Involved in mRNA 
splicing, mRNA 3' processing, and mRNA nudeocytopfas- 
mic transport (2). elF4E expression can be Increased at the 
transcriptional level In response to serum or growth factors 
(3). eF4E overexpresslon may cause preferential translation 
of mRNAs containing excessive secondary structure in their 
5' UTR that are normally discriminated against by the trans- 



lationa) machinery and thus are Inefficiently translated (4-7). 
As examples of this, overexpresslon of elF4E promotes in- 
creased translation of vascular endothelial growth factor, 
fibroblast growth fector-2, and cyclin D1 (2, 8, 9). 

Another mechanism of control is the regulation of elF4E 
phosphorylation. elF4E phosphorylation is mediated by the 
mttogen-activated protein Wnase-interacting kinase 1 , which 
Is activated by the mitogen-actlvated pathway activating 
extracellular signal-related kinases and the stress-activated 
pathway acting through p38 mitogen-activated protein ki- 
nase (10-13). Several mitogens, such as serum, platelet- 
derived growth factor, epidermal growth factor, insulin, 
angiotensin II, src kinase overexpresslon, and ras over- 
expression, lead to e!F4E phosphorylation (14). The phos- 
phorylation status of elF4E is usually correlated with the 
translationa! rate and growth status of the cell; however; 
elF4E phosphorylation has also been observed in response 
to some cellular stresses when translational rates actually 
decrease (15). Thus, further study is needed to understand 
the effects of etF4E phosphorylation on elF4E activity. 

Another mechanism of regulation Is the alteration of elF4E 
availability by the binding of elF4E to the elF4E-binding pro- 
teins (4E-BP, also known as PHAS-I). 4E-BPs compete with 
elF4G for a binding site in eJF4E The binding of elF4E to the 
best characterized elF4E-blndlng protein, 4E-BP1, Is regu- 
lated by 4E-BP1 phosphorylation. Hyrx>phosphpryiated 4E- 
BP1 binds to e!F4E, whereas 4E-BP1 hyperphosphorylation * 
decreases this binding. Insulin, angiotensin, epidermal 
growth factor, platelet-derived growth factor, hepatocyte 
growth factor, nerve growth factor, Insulin-like growth factors 
I and II, Interieutdn 3, granulocyte-macrophage colony-stim- * 
ulating factor + steel factor, gastrin, and the adenovirus have 
all been reported to induce phosphorylation of 4E-BP1 and 
to decrease the ability of 4E-BP1 to bind elF4E (15, 16). 
Conversely, deprivation of nutrients or growth factors results 
in 4E-BP1 dephosphorylation, an increase In elF4E binding, 
and a decrease in cap-dependent translation. 

p70S6 Kinase. Phosphorylation of ribosomal 40S protein 
S8 by S6K is thought to play an important role (n translational 
regulation. S6K -/- mouse embryonic cells proliferate more 
slowly than do parental cells, demonstrating that S6K has a 
positive influence on cell proliferation 0 7)- S6K regulates the 
translation of a group of mRNAs possessing a 5' terminal 
oiigopyrimidine tract (5' TOP) found at the 5' UTO of ribosomal 
protein mRNAs and other mRNAs coding for components of 
the translational machinery. Phosphorylation of S6K is regu- 
lated In part based on the availability of nutrients {18, 19) and is 
stimulated by several growth factors, such as platelet-derived 
growth factor and fnsulin-flke growth factor ! {20). 

elF2a Phosphorylation. The binding of the Initiator tRNA 
to the small ribosomal unit is mediated by translation initia- 
tion factor elF2. Phosphorylation of the a-subuntt of elF2 
prevents formation of the eiF2/GTP/Met-tRNA complex and 
inhibits global protein synthesis (21, 22). elF2a Is phosphr> 
ryiated under a variety of conditions, such as viral infection! 
nutrient deprivation, heme deprivation, and apoptosis (22). 
eiF2« is phosphorylated by heme-regulated inhibitor, nutrient- 
regulated protein kinase, and the IFN-induced, double- 
stranded RNA-activated protein kinase (PKR; Ref. 23). 



Molecular Cancer Therapeutics 973 



Growth ffectoft 



p38 



Mafc-1 




Translation of 5T0P mRHAs 



CBp-depeadenI Ttaostatioa 

(mRNAs with higWy structured 5* UTRs) 

Fig- 2. Regulation of translation Initiation by signal transduction path- 
ways. Signaling via p38, extracellular signal-related kinase, POK. and 
mTOft can all activate translation Initiation. 



The mTOR Signaling Pathway. The macrollde antibiotic 
rapamycin (Siraiimus; Wyeth-Ayerst Research, Coltegeville, 
PA) has been the subject of intensive study because it In- 
hibits signal transduction pathways involved in T-cell activa- 
tion. The rapamycln-senshtve component of these pathways 
is mTOR (also called FRAP or RAFT1). mTOR is the mam- 
malian homologue of the yeast TOR proteins that regulate G 1 
progression and translation in response to nutrient availabil- 
ity (24). mTOR Is a serine-threonine kinase that modulates 
translation Initiation by altering the phosphorylation status of 
4E-BP1 and S6K (Fig. 2; Ref. 25). 

4E-BP1 is phosphorylated on multiple residues. mTOR phos- 
phorylates the Thr-37 and Thr-48 residues of 4E-BP1 in vitro 
(26); however, phosphorylation at these sites is not associated 
with a loss of eiF4E blmflng. Phosphorylation of Thr-37 and 
Tbr-46 is required for subsequent phosphorylation at several 
COOH-terminal, serum-sensitive sites; a combination of these 
phosphorylation events appears to be needed to inhibit the 
binding of 4&BP1 to elF4E (25). The product of theA7Mgene, 
p3fcVMSK1 pathway, and protein kinase Cor also play a role in 
4E-BP1 phosphorylation (27-29). 

S6K and 4E-BP1 are also regulated, In part, by PI3K and its 
downstream protein kinase Akt PTEN is a phosphatase that 
negatively regulates PI3K signaling. PTEN nuQ cells have 
constltutlvely active of Akt, with increased S6K activity and 
SB phosphorylation (30). S6K activity is inhibited both by 
PI3K inhibitors wortmannln and LY294002 and by mTOR 
Inhibitor rapamycin (24). Akt phosphorylates Ser-2448 in 
mTOR in vitro, and this site Is phosphorylated upon Akt 
activation in vivo (31-33). Thus, mTOR is regulated by the 
PI3K/Akt pathway; however, this does riot appear to be the 
only mod© of regulation of mTOR activity. Whether the PI3K 
pathway also regulates S6K and 4E-BP1 phosphorylation 
independent of mTOR is controversial. 

Interestingly, mTOR autophosphorylation is blocked by wort- 
mannln but not by rapamycin (34). This seeming inconsistency 
suggests that mTOR-responslve regulation of 4E-BP1 and S6K 
activity occurs through a mechanism other than Intrinsic mTOR 
kinase activity. An alternate pathway for 4E-BP1 and S6K phos- 
phorylation by mTOR activity is by the inhibition of a phospha- 
tase. Treatment with calycdin A, an inhibitor of phosphatases 1 
and 2A, reduces rapamycin-induced dephosphoryiation of 4E- 
BP1 and S6K by rapamycin (35). PP2A interacts with M-length 
S6K but not with a S6K mutant that is resistant to dephospho- 
ryiation resulting from rapamycla mTOR phosphorylates PP2A 
in vitro; however, how this process alters PP2A activity is not 
known. These results are consistent with the model that phos- 
phorylation of a phosphatase by mTOR prevents dephospho- 
ryiation of 4E-BP1 and S6K, and conversely, that nutrient dep- 
rivation and rapamycin block inhibition of the phosphatase by 
mTOR. 

Potyadenyfatfon. The poly(A) tail in eukaryotlc mRNA is 
Important in enhancing translation Initiation and mRNA sta- 
bility. Polyadenylation plays a key role In regulating gene 
expression during oogenesis and early embryogenesis. 
Some mRNA that are translationaJly inactive In the oocyte are 
polyadenyiated concomitantly with translational activation In 
oocyte maturation, whereas other mRNAs that are transla- 
tionaily active during oogenesis are deadenyiated and trans- 



lationally silenced (36-38). Thus, control of poly(A) tail syn- 
thesis is an important regulatory step in gene expression. 
The 5' cap and po!y(A) tail are thought to function synergis- 
tlcally to regulate mRNA translational efficiency (39, 40). 

RNA Packaging. Most RNA-btnding proteins are assem- 
bled on a transcript at the time of transcription, thus deter- 
mining the translational fate of the transcript (41). A highly 
conserved family of Y-box proteins is found In cytoplasmic 
messenger ribonucleoprotein particles, where the proteins 
are thought to play a role in restricting the recruitment of 
mRNA to the translational machinery (41-43). The major 
mRNA-assoclated protein, YB-1 , destabilizes the Interaction 
of elF4E and the 5' mRNA cap in vitro, and overexpression of 
YB-1 results in translational repression in vivo (44). Thus, 
alterations in RNA packaging can also play an important role 
in translational regulation. 

Translation Alterations Encountered in Cancer 

Three main alterations at the translational level occur in cancer 
variations in mRNA sequences that increase or decrease trans- 
lational efficiency, changes in the expression or availability of 
components of the translational machinery, and activation of 
translation through aberrantly activated signal transduction 
pathways. The first alteration affects the translation of an Indi- 
vidual mRNA that may play a role In carcinogenesis. The sec- 
ond and third alterations can lead to more global changes, such 
as an increase In the overall rate of protein synthesis, and the 
translational activation of several mRNA species. 

Variations In mRNA Sequence 
Variations in mRNA sequence affect the translational effi- 
ciency of the transcript A brief description of these variations 
and examples of each mechanism follow. 

Mutations. Mutations in the mRNA sequence, especially 
in the 5 r UTR, can alter Its translational efficiency, as seen In 
the following examples. 
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c-myc. Salto et a/, proposed that translation of fulMength 
c-myc Is repressed, whereas In several Burititt lymphomas 
that have deletions of the mRNA 5' UTR, translation ofc-myc 
is more efficient (45). More recently, (t was reported that the 
5 r UTR of ornyc contains em IRES, and thus c-myc transla- 
tion can be initiated by a cap-Independent as well as a 
cap-dependent mechanism (46, 47). In patients with multiple 
myeloma, a C-»T mutation In the omyc IRES was identified 
(48) and found to cause an enhanced initiation of translation 
via internal ribosomal entry (48). 

. BRCA1. A somatic point mutation (117 G->C) in position 
-3 with respect to the start cod on of the BRCA1 gene was 
identified In a highly aggressive sporadic breast cancer (50), 
Chimeric constructs consisting of the wild-type or mutated 
BRCA1 5' UTR and a downstream luciferase reporter dem- 
onstrated a decrease in the transtationai efficiency with the 5 r 
UTR mutation. 

Cydln-depemtent Kinase Inhibitor 2A. Some Inherited 
melanoma kindreds have a G->T transversion at base -34 
of cycfin-dependent kinase Inhibitor-^ which encodes a 
cycfin-dependent kinase 4/cyclin-dependent kinase 6 kinase 
Inhibitor important in Q n checkpoint regulation (51). This 
mutation,, gives rise to a novel AUG translation Initiation 
codon, creating an upstream open reading frame that com- 
petes for scanning ribosomes and decreases translation 
from the wild-type AUG. 

Attentate Splicing and Alternate Transcription Start 
Sites. Alterations in splicing and alternate transcription sites 
can lead to variations in 5' UTR sequence, length, and second- 
ay structure, ultimately impacting translational efficiency. 

ATM. The ATM gene has four nonood'mg axons in its 5' 
UTR that undergo extensive alternative splicing {52). The 
contents of 12 different 5' UTRs that show considerable 
diversity in length and sequence have been Identified. These 
divergent 5' leader sequences play an important role in the 
translational regulation of the ATM gene. 

mdm. fn a subset of tumors, overexpresslon of the onco- 
protein mdm2 results in enhanced translation of the mdm2 
mRNA. Use of different promoters leads to two mdm2 tran- 
scripts that differ wily in their 5' leaders (53). The longer 5' 
UTR contains two upstream open reading frames, and tills 
mRNA is loaded with ribosomes inefficiently compared with 
the short 5' UTR. 

BRCA1. In a normal mammary gland, BRCA1 mRNA is 
expressed with a shorter leader sequence (5'UTRa), whereas 
in sporadic breast cancer tissue, BRCA1 mRNA is expressed 
with a longer leader sequence (5' UTRb); the translational 
efficiency of transcripts containing 5' UTRb Is 10 times lower 
than that of transcripts containing 5' UTRa (54). 

TOF-03L TGF-p3 mRNA includes a 1.1 -kb 5' UTR, which 
exerts an inhibitory effect on translation. Many human breast 
cancer cefl fines contain a novel TGF-p3 transcript with a 5' 
UTR that is 870 nucleotides shorter and has a 7-fold greater 
transtationa] efficiency than the norma! 7GF-03 mRNA (55). 

Alternate Polyadenyfation Sites. Multiple polyadenyl- 
ation signals leading to the generation of several transcripts 
with differing 3' UTR have been described for several mRNA 
species, such as the RET proto-oncogene (56), ATM gene 
(52), tissue inhibitor of metalloprotelnases-3 (57), RHOA 



proto-oncogene (58), and calmodulin-! (59). Although the 
effect of these alternate 3' UTRs on translation is not yet 
known, they may be important In RNA-pmtein interactions 
that affect translational recruitment The role of these alter- 
ations in cancer development and progression Is unknown. 



Alterations to the Components of the 
Translation Machinery 

Alterations in the components of translation machinery can 
take many forms. 

Overexpresssion of eiF4E Overexpresslon of elF4E 
causes malignant transformation in rodent ceils (60) and the 
deregulation of HeLa cell growth (61). Polunovsky ef a/. (62) 
found that elF4E overexpresslon substitutes for serum and 
individual growth factors In preserving viability of fibroblasts, 
which suggests that elF4E can mediate both proliferative and 
survival signaling. 

Elevated levels of elF4E mRNA have been found in a broad 
spectrum of transformed cell lines (63). elF4E levels are 
elevated in all ductal carcinoma in situ specimens and Inva- 
sive ductal carcinomas, compared with benign breast spec- 
imens evaluated with Western blot analysis (64, 65). Prelim- 
inary studies suggest that this overexpresslon is attributable 
to gene amplification (66). 

There are accumulating data suggesting that ef F4E overex- 
presslon can be valuable as a prognostic marker. e!F4E over- 
expression was found In a retrospective study to be a marker of 
poor prognosis in stages I to III breast carcinoma (67). Verifica- 
tion of the prognostic value of eiF4£ in breast cancer is now 
under way In a prospective trial (67). However, In a different 
study, eIF4E expression was correlated with the aggressive 
behavior of non-Hodgkin's lymphomas (68). In a prospective 
analysis of patients with head and neck cancer, elevated levels 
of eIF4E In histologically tumor-free surgical margins predicted 
a significantly increased risk of locakegionai recurrence (9). 
These results an suggest that elF4E overexpresslon can be 
used to select patients who might benefit from more aggressive 
systemic therapy. Furthermore, the head and neck cancer data 
suggest that elF4E overexpresslon is a field defect and can be 
used to guide local therapy. 

Alterations in Other Initiation Factors. Alterations in a 
number of other initiation factors have been associated with 
cancer. Overproduction of elF4G, similar to elF4E, leads to 
malignant transformation In vftro (69). elF-2a Is found in 
increased levels in bronchloloatveolar carcinomas of the lung 
(3). initiation factor eIF-4Al is overexpressed in melanoma 
(70) and hepatocellular carcinoma (71). The p40 subunft of 
translation initiation factor 3 is amplified and overexpressed 
In breast and prostate cancer (72), and the el F3-p1 1 0 subunit 
Is overexpressed In testicular seminoma (73). The role that 
overexpresslon of these Initiation factors plays on the devel- 
opment and progression of cancer, ff any, is not known. 

Overexpresslon of S6K. S6K is amplified and highly 
overexpressed In the MCF7 breast cancer cell line, com- 
pared with normal mammary epithelium (74). in a study by 
Bariund ef a/. (74), S6K was amplified in 59 of 668 primary 
breast tumors, and a statistically significant association was 
observed between amplification and poor prognosis. 



Molecular Cancer Therapeutics 



Overexpresslon of PAP. PAP catalyzes 3' poly(A) syn- 
thesis. PAP Is overexpressed In human cancer cells com- 
pared with normal and vfrally transformed cells (75). PAP 
enzymatic activity in breast tumors has been correlated with 
PAP protein levels (76) and, In mammary tumor cytosols, was 
found to be an Independent factor for predicting survival (76). 
Uttle is known, however, about how PAP expression or ac- 
tivity affects the translations! profile. 

Alterations In RNA-blndlng Proteins. Even less is known 
about alterations In RNA packaging in cancer. Increased ex- 
pression and nuclear localization of the RNA-blndlng protein 
YB-1areincScattoreofapc^ 

non-smaD ceB lung cancer (78), and ovarian cancer (79). How- 
ever, this effect may be mediated at least In part at the level of 
transcription, because YB-1 increases chemoresistance by en- 
hancing the transcription of a multidrug resistance gene (80). 



Activation of Signal Transduction Pathways 
Activation of signal transduction pathways by loss of tumor 
suppressor genes or overexpression of certain tyrosine kinases 
can contribute to the growth and aggressiveness of tumors. An 
Important^mutant in human cancers Is the tumor suppressor 
genePTEW, which leads to the activation of the rWAkt path- 
way. Activation of PI3K and Akt induces the oncogenic trans- 
formatkxitfchk^ 

show constitutive phosphorylation of S6K and of 4E-BP1 (91). 
A mutant Akt that retains kinase activity but does not phos- 
phoryterte S6K or 4E-BP1 does not transform fibroblasts, which 
suggests a correlation between the oncogenicity of PI3K and 
Akt and the phosphorylation of S6K and 4E-BP1 (St). 

Several tyrosine kinases such as platelet-derived growth 
factor, insulin-like growth factor, HER2/neu, and epidermal 
growth factor receptor are overexpressed in cancer. Be- 
cause these kinases activate downstream signal transduc- 
tion pathways known to alter translation initiation, activation 
of translation is likely to contribute to the growth and aggres- 
siveness of these tumors. Furthermore, the mRNAfor many 
of these kinases themselves are under translations! control 
For example, . HER2/neu mRNA is translationaily controlled 
both by a short upstream open reading frame that represses 
HER2/neu translation in a cell type-Independent manner and 
by a distinct cell type-dependent mechanism that Increases 
translatlonal efficiency (82). HER2/neu translation is different 
in transformed and norma) cells. Thus, it is possible that 
alterations at the translatlonal level can in part account for 
the discrepancy between HEft2/neu gene amplification de- 
tected by fluorescence In situ hybridization and protein levels 
detected by immunohistochemical assays. 



Translation Targets of Selected Cancer Therapy 

Components of the translation machinery and signal path- 
ways Involved in the activation of translation Initiation repre- 
sent good targets for cancer therapy. 

Targeting the mTOR Signaling Pathway: Rapamycin 
and Tumstatin 

Rapamycfn inhibits the proliferation of lymphocytes. It was 
initially developed as an immunosuppressive drug for organ 



transplantation. Rapamycin with FKBP 12 (FK506-blndlng 
protein, M r 12,000) binds to mTOR to Inhibit its function. 

Rapamycin causes a small but significant reduction In the 
initiation rate of protein synthesis (83), It blocks cell growth In 
part by blocking S8 phosphorylation and selectively sup- 
pressing the translation of 5' TOP mRNAs, such as ribosomal 
proteins, and elongation factors (83-85). Rapamycin also 
blocks 4E-BP1 phosphorylation and Inhibits cap-dependent 
but not cap-Independent translation (17, 86). 

The rapamydn-sensftive signal transduction pathway, acti- 
vated during malignant transformation and cancer progression, 
is now being studied as a target fcrcarra therapy (87). Pros- 
tate, breast small ceQ lung, glioblastoma, melanoma, and T-ceil 
leukemia am among the cancer Ones most sensitive to the 
rapamycin analogue CCl-779 (Wyeih-Ayerst Research; Ref. 
87). In rtmbdomycosarcoma cell lines, rapamycin Is either cyto- 
static or cytocidal, depending on the p53 status of the cell; p53 
wild-type cells treated with rapamycin arrest In the G, phase 
and maintain their vlablSty, whereas p53 mutant cells accumu- 
late in G, and undergo apoptosis (88, 89). In a recently reported 
study using human primitive neuroectodermaJ tumor aid 
meduliobtastoma models, rapamycin exhibited more cytotox- 
icity In combination with cfeplatin and camptothecin than as a 
single agent tn vivo, CCl-779 delayed growth of xenografts by 
1 60% after 1 week of therapy and 240% after 2 weeks. A single 
high-dose administration caused a 37% decrease in tumor 
volume. Growth Inhibition to vivo was 13 times greater. wHh 
cfeplatin in combination with CCl-779 than with clsplatin atone 

(90) . Thus, preclinical studies suggest that rapamycin ana- 
logues are useful as single agents and In combination with 
chemotherapy. 

Rapamycin analogues CCl-779 and RAD001 (Novartis, 
Basel, Switzerland) are now in clinical trials. Because of the 
known effect of rapamycin on lymphocyte proliferation, a 
potential problem with rapamycin analogues Is Immunosup- 
pression. However, although prolonged Immunosuppression 
can result from rapamycin and CCl-779 administered on 
continuous-dose schedules, the Immunosuppressive effects 
of rapamycin analogues resolve In -24 h after therapy 

(91) . The principal toxicities of CCl-779 have included der- 
matdoglcal toxicity, myetosuppresslon, infection, mucositis, 
diarrhea, reversible elevations in liver function tests, hyper- 
glycemia, hypokalemia, hypocalcemia, and depression (87, 
92-94). Phase II trials of CCl-779 have been conducted in 
advanced renal cell carcinoma and in stage lll/IV breast 
carcinoma patients who failed with prior chemotherapy. In 
the results reported In abstract form, although there were no 
complete responses, partial responses were documented In 
both renal cell carcinoma and in breast carcinoma (94, 95). 
Thus, CCl-779 has documented preliminary clinical activity In 
a previously treated, unseiected patient population. 

Active Investigation is under way Into patient selection for 
mTOR Inhibitors. Several studies have found an enhanced 
efficacy of CCl-779 In PTEN-null tumors (30, 96). Another 
study found that six of eight breast cancer cell lines were 
responsive to CCl-779, although only two of these lines 
lacked PTEN (97) There was, however, a positive correlation 
between Akt activation and CCl-779 sensitivity (97). This 
correlation suggests that activation of the P!3K-Akt pathway, 



976 Translation Initiation (n Cancer 



regardless of whether it Is attributable to a PTCN mutation or 
to overcxpresslon of receptor tyrosine kinases, makes can- 
cer cell amenable to mTOR-dlrected therapy. In contrast, 
tower levels of the target of mTOR, 4E-BP1, are associated 
with rapamycin resistance; thus, a lower 4E-BP1/elF4E ratio 
may predict rapamycin resistance (98). 

Another mode of activity for rapamycin and its analogues 
appears to be through Inhibition of anglogenesls. This activ- 
ity may be both through direct inhibition of endothelial ceil 
proliferation as a result of mTOR Inhibition in these cells or by 
Inhibition of translation of such proangiogenlc factors as 
vascular endothelial growth factor In tumor cells (99, 1 00). 

The anglogenesis Inhibitor tumstatin, another anticancer 
drug currently under study, was also found recently to Inhibit 
translation In endothelial cells (101). Through a requisite in- 
teraction with Integrin, tumstatin Inhibits activation of the 
PI3WAkt pathway and mTOR in endothelial cells and pre- 
vents dissociation of eIF4H from 4E-BP1, thereby Inhibiting 
cap-dependent translation. These findings suggest that en- 
dothelial cells are especially sensitive to therapies targeting 
the mTOR-signaling pathway. 



TargetMg elF2cc EPA Clotrimazole, mda-7, 
and Ravonokte 

EPA Is an n-3 polyunsaturated fatty acid found In the fish* 
based diets of populations having a low incidence of cancer 
(102}. EPA Inhibits the proliferation of cancer cells (103), as 
well as In animal models (104, 105). It blocks ceil division by 
inhibiting translation initiation (105), EPA releases Ca 2+ from 
Intracellular stores while Inhibiting their refining, thereby ac- 
tivating PKR. PKR. in turn phosphorylates and inhibits elF2a, 
resulting In the Inhibition of protein synthesis at the level of 
translation Initiation. Similarly, clotrimazole, a potent antipro- 
liferative agent In vftro and in vivo, Inhibits cell growth through 
depletion of Ca 2 + stores, activation of PKR, and phospho- 
rylation of e!F2a (106). Consequently, clotrimazole preferen- 
tially decreases the expression of cyclins A, E, and D1, 
resulting in blockage of the ceil cycle In G v 

mda-7 is a novel tumor suppressor gene being developed 
as a gene therapy agent. Adenoviral transfer of mda-7 (Ad- 
mda7) Induces apoptosls In many cancer cells including 
breast, colorectal, and lung cancer (107-109). Ad-mda7 also 
Induces and activates PKR, which leads to phosphorylation 
of e!F2a and induction of apoptosls (110). 

Flavonolds such as genlstein and quercetin suppress tu- 
mor cell growth. All three mammalian elF2a kinases, PKR, 
heme-regulated inhibitor, and PERK/PEK, are activated by 
flavonoids, with phosphorylation of eiF2<* and Inhibition of 
protein synthesis (111). 



Targeting elF4A and elF4E: Antrsense RNA 
and Peptides 

Antteense expression of elF4A decreases the proliferation rate 
ofmetenomaedte (1 12). Sequestration of elF4E by overexpres- 
ston of 4E-BP1 Is proapoptotta and decreases tumorigenlclty 
(113, 114). Reduction of elF4E with antisense RNA decreases 
soft agar growth, Increases tumor latency, and Increases the 
rates of tumor doubling times (7). Antisense e1F4E RNA treat- 



ment also reduces the expression of angiogenic factors (115) 
and has been proposed as a potential ad juvant therapy for head 
and neck cancers, particularly when Novated elF4E is found in 
surgical margins. Smaif molecule inhibitors that bind the eJF4G/ 
4E-BP1 -binding domain of e(F4E are proapoptotte (116) and 
are also being actively pursued. 



Exploiting Selective Translation for Gene Therapy 
A different therapeutic approach that takes advantage of the 
enhanced cap-dependent translation In cancer cells Is the use 
of gene therapy vectors encoding suicide genes with highly 
structured 5' UTR These mRNA would thus bo at a competitive 
disadvantage in norniai ceils and not translate well, whereas in 
cancer cells, they would translate more efficiently. For example, 
the introduction of the 5' UTR of fibroblast growth ffactor-2 5' to 
the coding sequence of herpes simplex vims type-1 thymidine 
kinase gene, allows for selective translation of herpes simplex 
vfnjs type-1 thymftfne kinase gene in breast cancer ceil lines 
compared with normal mammary cell lines and results in se- 
lective sensitivity to ganciclovir (1 1 7). 



Toward the Future 

Translation is a crucial process in every cell However, several 
alterations in transitional control occur in cancer. Cancer cells 
appear to need an aberrantly activated transitional state for 
survival, thus allowing the targeting of translation initiation with 
surprisingly low toxicity. Components of the translational mar 
chJnery, such as elF4E, and signal transduction pathways in- 
volved In translation Initiation, such mTOR, represent promising 
targets for c*mcerther^ 

shown some preliminary activity in clinical trials.. It Is possible 
that witt! the development of better predictive markets and 
better patient selection, response rates to single-agent therapy 
can be Improved. Similar to other cytostatic agents, however, 
mTOR inhibitors are most fflcely to achieve clinical utility In 
combination therapy, in the interim, our increasing understand- 
ing of translation initiation and signal transduction pathways 
promise to lead to the Identification of new therapeutic targets 
In the near future. 
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RNA Ladder 



#N0362S 25 ng 



$55 



Bases 




1 yg of RNA Ladder 
was heated at SOX 
for 3 minutes in 1XRNA 



and visualized by 
ethidium bromide 
staining (1.0% TBE 
agarose gel). 



Description: The RNA Ladder is a set of 7 RNA 
molecules produced by in vitro transcription of a 
mixture of 7 linear DNA templates. The ladder sizes are: 
9000, 7000, 5000, 3000, 2000, 1000 and 500 bases. 
The 3000 base fragment is at double intensity to serve 
as a reference band. This ladder is suitable for use as an 
RNA size standard on denaturing or native agarose gels. 

Reagents Supplied with Ladders: 

2X RNA Ladder Sample Buffer (for use with native 
agarose gels) 

2X RNA Ladder Sample Buffer: 

2X TBE (pH 8.3), 13% flcoll (w/v), 0.01% bromophenol 
blue and 7 M urea. 

Concentration: 500 ng/ml. 

Storage Conditions: 20 mM KOAc (pH 4.5). Store 
at -70°C. For short term storage (< 1 week), ladder can 
be stored at -20°C. 

Notes on Use: 

To avoid ribonuclease contamination: wear gloves, use 
RNase-free water for gels and buffers, wash equipment 
with detergent and rinse thoroughly with RNase-free 
water. 

It is best to use freshly poured gels that are as thin as 
possible (i.e, 2-10 mm). Excessively long run times or 



high voltage can cause degradation of the bands on 
the gel. We recommend 4-8 volts/cm and running the 
bromophenol blue approximately 5 cm into the gel for 
good resolution. 

Adding ethidium bromide to agarose gels and running 
buffer at a final concentration of 0.5 ug/ml will 
effectively stain the bands during electrophoresis. 

Denaturing vs. Native Agarose Gels: 

It is common practice to electrophorese RNA on a fully 
denaturing agarose gel, such as one containing 
formaldehyde (1). However, in many cases it is possible 
to run RNA on a native agarose gel and obtain suitable 
results. In fact, it has been demonstrated that treatment 
of RNA samples in a denaturing buffer maintains the 
RNA molecules in a denatured state, during electro- 
phoresis, for at least 3 hours (2,3). The use of native 
agarose gels eliminates problems associated with toxic 
chemicals and the difficulties encountered when staining 
and blotting formaldehyde gels. 

References: 

(1) Sambrook, J., Fritsch, E. F. and Maniatis, T. (1989). 
Molecular Cloning: A Laboratory Manual, (2nd ed.j, 
(pp. 7.43-7.45). Cold Spring Harbor: Cold Spring 
Harbor Laboratory Press. 

(2) Liu, Y-C, Chou, Y-C. (1990) BiotechniquesV, 558. 

(3) Sandra Cook and Christina Marchetti, unpublished 
observations. 



2-Log DNA Ladder (0.H0.0 kb) 



#N3200S 
#N3200L 



100 \1Q 
500 ng 



. $55 
$220 



DNA 




Mass 




(ng) 


Kilobases 


40 


10.0 - 




40 


8.0 - 


- - 


48 


6.0- 




40 


5.0 - 




32 


4.0- 


i. . y 


120 


3.0- 




40 


2.0 - 




57 


1.5 - 




45 


1.2- 




122 
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34 


0.9- 




31 


0.8 - 




27 


0.7- 




23 


0.6- 




124 


0.5 - 




49 


0.4 - 




37 


0.3 ~ 




32 


0.2- 




61 


0.1 -j 





1.0 $ of 2-Log 
DNA Ladder 
visualized by 
ethidium bromide 
staining on a 1.0% 
TBE agarose get. 



Description: A number of proprietary plasmids are 
digested to completion with appropriate restriction 
enzymes to yield 19 bands suitable for use as molecular 
weight standards for agarose gel electrophoresis. This 
digested DNA includes fragments ranging from 100 bp 
to 10 kb. The 0.5, 1 .0 and 3.0 kb bands have increased 
intensity to serve as reference points. 

Preparation: Double-stranded DNA is digested to 
completion with the appropriate restriction enzymes, 
phenol extracted and equilibrated to 10 mM Tris-HCI 
(pH 8.0) and 1 mM EDTA. 

Concentration: 1,000 jjg/ml. 

Storage Conditions: 10 mM Tris-HCI (pH 8.0) 
and 1 mM EDTA. For long term storage, store at -20°C. 
2-Log DNA Ladder is stable for at least 3 months at 4°C. 

Note: All fragments have 4-base, 5' overhangs that can 
be end labeled using T4 Polynucleotide Kinase (NEB 
#M0201) or filled-in using DNA Polymerase I, Klenow 
Fragment (NEB #M0210) (1). Use a-PP] dATP or a-( 32 P] 
dTTP for the fill-in reaction. 

Usage Recommendation: We recommend loading 
1 MO of the 2-Log DNA Ladder diluted in sample buffer. 
This ladder was not designed for precise quantification of 
DNA mass but can be used for approximating the mass of 
DNA in comparably intense samples of similar size. 



The approximate mass of DNA in each of the bands in 
our 2-Log DNA Ladder is as follows (assuming a 1 ng 
loading): 



Fragment 

1 

2 
3 
4 
5 
6 
7 
8 
9 

10 

11 

12 

13 

14 
15a 
15b 

16 

17 

18 

19 



Base Pairs 

10,002 
8,001 
6,001 
5,001 
4,001 
3,001 
2,017 
1,517 
1,200 
1,000 
900 
800 
700 
600 
517 
500 
400 
300 
200 
100 



> 



DNA Mass 

40 ng 
- 40 ng 

48 ng 
40 ng 
32 ng 

120 ng 

40 ng 

57 ng 

45 ng 
122 ng 

34 ng 

31 ng 
27 ng 
23 ng 

124 ng 

49 ng 
37 ng 

32 ng 
61 ng 



Reference: 

(1) Sambrook, J., Fritsch, E. F. and Maniatis, T. 
(1989). Molecular Cloning: A Laboratory Manual, 
(2nd ed.), (pp. 10.51-10.67). Cold Spring Harbor: 
Cold Spring Harbor Laboratory Press. 




HER^2/neu Breast Cancer Predictive Testing 



Each year, over. 182,000 women in the United State* are 
diagnosed, with breast cancer, and ^proximately 45,000 , die 
of the disease^ Incidence appears to be increasing in the 
United States at a rate of roughly 2% per year. The reasons 
for thV incase are wtcl^ . 
to^pIayaJaigeroleA— — . ';.-..U 

7 Five-year saliva! mtes i^^ftom^pproiinmteiy 65%^ 
85%, depending on demographic group, with * significant 
percentage, of women experiencing recurrence of their cancer 
within 10 years of diagnosis. One of the factors most predic- 
tive for recurrence once a diagnosis of breast .cancer has been 
made is the number of axillary lymph nodes to which tumor 
has metastasized. Most noderpositiye women are given adju-. 
vant therapy, which increases their Survival. However, 20%- 
30%^f-patients without ^xi»aiy- node involvement also 
develop rewn^titf^^ 

tify this high-risk subset of patients, These patients could 
benefit from increased surveillance, early intervention, and 
treatment * 

Prognostic markers currently used in. breast cancer recur- 
rence prediction include tu mor size, histological grade, steroid 
honuone receptor status, DNAploidy, proliferative index, and 
cathepslnD status. Expression of growth factor receptors and 
over-expression of the HER-2/ueu oncogene have also been 
identified as having value regarding treatment regimen and 
prognosis^ 

fig«ri/ix|u (also totowTas c-erbB2) if an oncogene that 
encodes a transmembrane glycoprotein that is homologous 
to, but distinct from, the epidermal growth factor receptor. 
Numerous stndies.have indicated that high levels of expres- 
sion of this protein are associated with rapid tumor growth, 
certain forms of therapy resistance, and shorter disease-free 
survival. The gene has been shown to be amplified and/or 
overcxpressed in 10%-30% of invasive breast cancers and m 
40%-60% -oif intraductal breast carcinoma.* 

There are two distinct FDA-approved methods by. which 
HER-2/neu states can be evaluated: immunobistochemistry 
(IHC, HetcepTest™) and FISH (fluorescent in situ hybridiza- 
tion, PathVyrion™ Kit). Both methods can be performed on 
archived and current spe<tfm$n$. the first method allows visual 
assessment of the amount of HER-2/neu protein present on 
die cell membrane. The lattermethod allows direct quanta 
cation of die level of fcene.amplification present in the tumor, 
enabling differentiation between low- versus hjgh-amplifica- 
tidh. At least one study has demonstrated a difference In 



recurrence risk in women younger than 40 years of age for 
low- versus Wgh-amplified tumors (54J% compared to 
85:7%); this is compared to a recurrence rate of 1 6.7% for 
patients with no HER-2/heu gene amplification** HE^-2/heu 
status may be particularly important!© establish in women with 
janall(i£ lent) tumor Bize.^ „ A ; . 

~ TTie^hoice of iiiettk>ablogy Tor determination of HER-2/ 
neu status depends in pan on theciinical setoog, FDA. approval 
for the Vysis FISH test was granted based on clinical trials 
involving! 1549 node-positive patients. Patients received one 
of three 4itF<3rent treatments consisting of different doses Qf 
'cyclophosphamide, Adriamycin, and 5-fluorouraci| (CAP). 
The study showed that patients with amplified HER-2/neu 
benefited from treatment with higher doses ofadriamycin- 
basedthmjy r while>those with4(io|inal H£R,2/nea levels did 
not The study therefore identified a sublet of women, who 
because ihey did not benefit froin. more aggressive tifcafment, 
did not need to be exposed to the associated , side effects*" In 
addition, other evidence indicates that HEH-2/neU amplifica- 
tion in node-negative patients can be used as an independent 



|/» v& »v^v . . * vof ijr- iwuiTvnvc, rcvuneni disease at 
any time and disease-related death. 5 Demonstration of HER- 
2/neu gene. ampIificatHai by FISH has also been shown to be 
of value in predicting response to chemotherapy in stage-2 
breast canber patients. 
. Selwtion.of^tieiits f^otceptin© 
clonal antibody Inerapy, however, is based ujTon demembra- 
tion of HER*2taea protein overexpressibn using HercepTest™. 
Studies using Herceptin* in patients with metastatic breast 
cancer show an increase in time to disease progression, 
increased response rate to chemptherapeutic agents and a small 
increase in overall Survival rate. The FISH assays have not yet 
been approved for this purpose, and studies looldng atrespbnse 
to Herceptm* in patients with or without gene amplification .' 
status determined by FISH are in progress. 

In genetal, FISH and IHC results correlate well, However, 
subsets of tumors are found which show discordant results; 
i.e., protein overexpression without gene amplification or lack 
of protein overexpression with gene amplification. The clini- 
cal significance of such results is .unclear, Based on fte above 
considerations, HER-2/neti testing at SHMC/PAML will uii* 
lize hnmunohistochemistry (HercepTbst 0 ) as a screen, fol- 
lowed by FJSH in IHC-negative cases. Alternatively, either 
method may be ordered individually depending on the clini- 
cal setting or clinician preference. 
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DAKO antibody kit; HerceptcstO. The DAKO kit contains 
- reagents required tq complete a two-step immtuiohisto* 
cheihitfal sta&ing procedure for .routinely processed, paraffin- 
embedded qj^sp^. JtoUow^ 

rabbit antibody to human HBR-2/neu protein, the kit employs ' 
a ready-to^ise dextran4>a$cd Visualization reagent This re- 
agent consists of both secondaiy goat anti-rabbit antibody 
molecules with horseradish peroxidase molecules linked to a 
common dextran polymer backbone, thus eliminating the need 
. for sequential application of link, antibody and peroxidase 
-conjugated antibody. Enzymatic conversion ef the subse- : 
gently added ^jht&mogen results in formation of visible 
reaction product at the antigen site* The specimen is then ccmn- 
tcrstained; a pathologist using light-microscopy interprets . 
results. 

FISH analysis at SHMC/PAML is performed using the 
FDA-apprbved PathVysion™ HBR-2/nen DNA probe kit, pro- 
dacedby Vysis,lncvPormalin fixed, pataffin-embedded breast 
tissue is processed using routine histological methods, and then 
slides are treated tp allow hybridization of DNA probes to the 
nuclei present in the tissue section, the Patiwysion™ kit con- 
tains two direct-labeled DNA probes, one specific for the 
alphoid repetitive DNA (CEP 17, j^pectrum orange) present at . 
ihe chh»n^spmH^^€^ete^nd the second** the HER- 
#nenoncog^lpc^fttl7^ 

meration of the probes allows a ratio of the number of copies 
of chromosome 17 to the number of copies of HER-2/hcu to . 
be obtained; this enables quantification of low versus high 

. amplification levels, and allows an estimate of the percentage 
of cells with.HER-2/neu gene amplification. The clinically 
relevant distinction ts whether the gene amplification is due 
to increased gene copy number on the two chromosome 17 

. homologues normally present or an increase in the numbexof 
chromosome 17s in the cells. In the majority of cases, ratio 
equivalents less than 2.0 are indicative of a normal/negative 
result, ratios of 2.1 and over indicate that amplification is 
present and to what degree. Interpretation of this data wiil be 
performed tad reported from theVysis-certified Cytogenet- 
ics laboratory at SHMC 
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